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Chapter 1 
Introduction. 
The last four decades have shown an enormous growth of interest in 
semi-conducting materials. In the fields of theoretical understanding, prac­
tical applications and crystal-growth techniques great progress has been 
made. The driving force behind these developments undoubtedly has been 
the applicability of semiconductors in a wide range of electronic and opto­
electronic devices. To mention only a few: diodes, transistors, solid state 
lasers, optical detectors, memory- and processor chips, waveguides. 
In the early days of semiconductor technology, i.e. the fifties and early 
sixties, Ge and Si were the common materials used. Basically the only way 
in which the material properties were modelled was the variation of the elec­
trical conductivity by introducing dopant elements into the host material. 
Conduction by electrons (η-type) or conduction by holes (p-type) could be 
achieved by addition of the proper dopants. Although a large variety of 
electronic devices could be produced on the base of Ge and Si, these ma­
terials showed two severe drawbacks for several sophisticated applications. 
Firstly, their fixed band-gaps (0.67 and 1.12 eV at room temperature for 
Ge and Si, respectively) do not allow a variation of those physical prop­
erties which are directly coupled to the value of the band-gap, such as, 
for instance, the energy threshold for the absorption of photons. Secondly, 
both materials have an indirect band-gap which leads to a small coupling 
with photons, since band-to-band transitions must be accompanied by the 
emission or absorption of a phonon. This makes the material unsuitable 
for opto-electronic applications such as for instance solid state lasers. 
By the advent of compound semiconductors, consisting of the Ш/У 
and II/VI materials, tuning of band-gaps could be achieved by combining 
the proper elements from the third and fifth, respectively the second and 
sixth column of the Periodic System. Several of these compounds, such as 
for instance GaAs, have a direct band-gap which facilitates their application 
in op to-elect ronics. 
Further applications were offered by ternary and quaternary com­
pounds. Two examples are Al
x
Gax_
x
As, which is used for solid state lasers 
in compact disc players, and InxGayAsi-xPi-y, which is the base material 
for integrated electro-optical chips coupled to glass fiber communication 
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systems. The band-gap of these materials can be adjusted by variation of 
the parameters χ and y ("band-gap engineering"). Moreover, also the lat­
tice parameter, which depends on the composition as well, can be adapted 
so that heterostructures of different materials can be realized without the 
occurrence of mechanic ed stresses or stress-induced defects. 
The development of new materials and new device structures could not 
have taken place without the use of advanced crystal growth techniques such 
as Molecular Beam Epitaxy (MBE) and Metal Organic Chemical Vapor De­
position (MOCVD). Both processes have matured into standard techniques 
by which epitaxial layers of ultra high purity can be grown. Moreover, rapid 
switching of source materials is nowadays possible so that heterostructures 
with interface-sharpness of several atomic layers can be realized. 
A (still) rather exotic semiconducting material for device production 
is diamond. This large band-gap material is proposed to be used for high 
operating temperature applications (T > 500 °C) because of its thermal 
stability and ultra high thermal conductivity (about five times higher than 
copper). Semiconducting p-type diamonds are obtained by doping with 
boron, which forms an acceptor state at 0.37 eV above the valence band. An 
effective donor type dopant atom for growth of synthetic η-type diamond 
has not yet been found. Doping experiments with arsenic and phospho­
rous have shown to yield η-type character, but the electrical conductivities 
obtained were still too low. 
The framework of this thesis. 
The contents of this thesis may be classified along three different lines. 
Firstly, a distinction can be made between the different materials which 
have been investigated: GaAs, Al
x
Gai_
x
As and diamond. These mate­
rials are all semiconductors. GaAs has a direct band-gap of 1.42 eV at 
room temperature. The band-gap of Al
x
Gai_
x
As varies between 1.42 and 
2.17 eV and is direct for 0 < χ < 0.45 and indirect for 0.45 < χ < 1. Dia­
mond has an indirect band-gap of 5.5 eV. Chapters 2, 3 and 6 are dealing 
with GaAs; chapters 7 and 8 present the Al
x
Ga1_xAs results; experiments 
on diamond are presented in chapter 4. 
Secondly, the experiments may be classified according to the char­
acterization techniques used. The general tool to determine the physical 
properties of the materials in question has been low temperature (4.2 K) 
photoluminescence (PL). In several cases additional photoetching experi­
ments have been performed, and their results have been compared to the 
12 
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PL results. The studies presented in this thesis can be grouped according 
to the spatial resolution of the PL experiments. The "standard" spatial 
resolution of » 15 μτη is obtained when a laser beam has been focused 
outside an optical cryostat. This is the typical resolution used in chapters 
2, 3 and 4. In order to obtain higher resolutions, a construction has been 
made in which the focusing lens is built into a liquid He cryostat, leading 
to a "high" spatial resolution of 1 μτη. A description of the cryostat insert 
can be found in chapter 5. The experimental results obtained with the new 
apparatus are presented in chapter 6. The PL-studies on Al
x
Gai_
x
As epi-
layers have been carried out with an unfocused laser beam. This has been 
done since epitaxial layers, in contrast to bulk materials, in general do not 
show large spatial inhomogeneities. The results can be found in chapters 7 
and 8. 
A third classification can be meide on the basis of the crystal growth 
processes. The bulk GaAs crystals investigated in chapters 2, 3 and 6 
have been grown by the Liquid Encapsulated Czochralski (LEG) process. 
Most of the diamonds described in chapter 4 have been grown by Nature 
at depths of more than 175 km below the earth's surface at ultra high 
pressures. The Al
x
Gai_
x
As epitaxial layers described in chapters 7 and 
8 are MOCVD-grown. Studies on gas-flow and gas-diffusion phenomena 
relevant to this crystal growth process can be found in chapters 9 and 10. 
Contents of this thesis. 
Part I containing the chapters 2-6 deals with the study of materials 
obtained by bulk crystal growth processes. The GaAs crystals have been 
grown from the melt using the LEG technique. Most of the diamond crys­
tals investigated are natural diamonds. A small part of the study deals 
with synthetic diamonds. 
In C h a p t e r 2 the results are described of studies on defects in un-
doped LEC-grown GaAs crystals in relation to the crystal growth process. 
The defects investigated are dislocations, which are structural defects, and 
point defects like impurity atoms, anti-sites or vacancies. The formation 
of dislocations and their interaction with point defects during and shortly 
after solidification is a complex phenomenon which is only partly under­
stood. With the present state of technology it is still impossible to grow 
dislocation-free GaAs crystals. Although the dislocation density may be 
reduced by carefully selecting the proper growth conditions, typical etch 
13 
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pit densities of several hundreds per squared centimeter cannot be circum-
vented. 
By spatially resolved photoluminescence and defect selective pho-
toetching (the DSL-technique) a direct relationship between the growth 
conditions and the spatial inhomogeneities of the near band gap photolu-
minescence intensity and the etching velocities could be deduced. Crystals 
which had been grown using high temperature gradients, and accordingly 
low constitutional supercooling, showed a strong presence of stress-induced 
glide dislocations and only weak cell structure with small photoetching and 
PL contrast. On the other hand, crystals grown under a small temperature 
gradient showed a much lower dislocation density (especially stress-induced 
glide dislocations were absent) accompanied by a much more inhomoge-
neous distribution of point defects, which is reflected in a strong contrast 
in PL intensities and photoetching velocities. These findings were explained 
in terms of the growth conditions: A high constitutional supercooling gives 
rise to strong fluctuations of impurity concentrations at the growing front, 
which causes the observed cell structure. Dislocations however, are not 
easily created since the thermal stresses are low. 
In chapter 3 the nature and origin of impurity atmospheres around 
dislocations in GaAs is investigated more thoroughly. From analysis of the 
local excitonic spectra it was deduced that dislocation cell walls have a 
relatively more p-type character than the undisturbed crystal matrix. Spa-
tially resolved photoluminescence experiments on annealed crystals showed 
an increase of the total near band-gap photoluminescence intensity and an 
enhancement of the p-type character of the surroundings of dislocations due 
to the thermal treatments. Moreover, a novel defect-induced bound exciton 
line for LEG GaAs was recorded. All phenomena have been explained by 
the role of stoichiometry (As-rich or As-poor conditions) during the post 
growth cooling period and the anneal process. Precipitates of As-atoms 
can be formed or redissolve depending on the deviation from stoichiometry 
and the thermal cycles involved. In the same way, excess As-related defect 
complexes acting as near band-gap photoluminescence killer centers and 
controlling the local n- or p-type character are created or annihilated. 
In chapter 4 spatially resolved photoluminescence experiments on di-
amond are described. The distribution of several luminescent defect centers 
has been correlated to the growth history of the crystals. The blue lumi-
nescent vibronic N3 centers in relatively perfect type la natural diamonds 
were shown to coincide with the observed growth band patterns. Likewise, 
in plastically deformed diamonds H3 luminescence patterns coinciding with 
slip lines were detected. In synthetic diamonds the red and near infrared 
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luminescence of nitrogen-vacancy pairs was monitored. By the intensity 
fluctuations of this type of photoluminescence the non-uniform incorpora­
tion of nitrogen during crystal growth could be deduced. Photolumines­
cence spectroscopy has revealed the existence of several vibronic systems 
not yet described in the literature. 
Chapter 5 presents a technical description of the construction of a 
liquid He cryostat insert in which a translation mechanism and a focusing 
objective lens have been mounted inside the cryostat. Both the translation 
mechanism and the focusing lens are operating at liquid He temperature 
and can be adjusted from outside the cryostat. This special construction 
was devised in order to obtain the diffraction-limited spatial resolution, 
which is equal to 1.22Λ/Ν.Α., with λ the wavelength of the exciting laser 
beam and N.A. the numerical aperture of the objective lens system. In this 
chapter the translation mechanism, based on a double set of leaf springs 
for the two directions of translation, and the test results of photolumi­
nescence of G a As at 4.2 К are described. Completed with software for 
dataracquisition and steering of the stepping motors by a personal com­
puter, a photoluminescence set-up for two-dimensional PL-mappings and 
line scans with a spatial resolution of 1 μτη has been realized. 
In chapter 6 the first high spatial resolution photoluminescence exper­
iments carried out with the newly constructed cryostat insert are presented. 
The material investigated is Si-doped LEG GaAs, which is widely used as 
η-type conducting substrate material. In contrast with the experiments of 
chapters 2 and 3, where only grown-in dislocations and their impurity at­
mospheres were investigated by photoluminescence, the attention is now fo­
cused on the distinction between isolated grown-in dislocations and grown-
in dislocations which have been moved by thermal stresses during the post 
growth cooling period leaving behind a glide trace (GS-dislocations). Both 
the inhomogeneous incorporation of the Si dopant atoms and the spatial 
fluctuations of the radiative lifetimes have been investigated. It was found 
that both types of dislocations were associated with a decrease of the to­
tal luminescence efficiency relative to the crystal matrix. In addition, the 
analysis of local PL-spectra led to the conclusion that enhanced Sica, donor 
concentrations exist at isolated grown-in dislocations and starting points 
of GS-dislocations. No such enhancement was found at glide traces and 
ending points. These results led to the proposition of a model in which 
the redistribution of both non-radiative, excess As-related PL killer centers 
and Si atoms is accounted for. By considering the temperature dependence 
of the diffusion coefficients of interstitial As and Si in GaAs, and by the 
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notion that Asea antisites are created during dislocation climb and glide 
motion, the observed results could be explained. 
Part Π of this thesis, which encompasses the chapters 7-10, describee 
the experiments carried out on epitaxial layers grown by the MOCVD pro­
cess. Optical and electrical properties of the grown layers have been corre­
lated with the crystal growth parameters. One of the factors influencing the 
crystal growth process is the mass transport in MOCVD reactors. In this 
study special attention has been given to the gas flow dynamics in the reac­
tor, both experimentally and by numerical calculations, and to simulation 
of gas diffusion processes. 
Deep level photoluminescence studies on η-type, Si-doped AlxGai-
x
As 
are presented in chapter 7. In contrast to p-type Al
x
Gai_
x
As, the prop­
erties of η-type Al
x
Gai_
x
As have been extensively studied, both theoret­
ically and experimentally. From the theoretical side this special attention 
is due to the complex structure of the conduction band: depending on the 
Al-ffaction x, the conduction band minimum is presented by the Γβ, the 
Le or the Xe minimum. This complicates the behavior of donor atoms, 
since they can form localized states out of wave functions corresponding 
to each of the three conduction band minima. Experimentally, the mate­
rial has been given much attention because of the behavior of DX centers. 
These centers, of which the exact structure is still unknown, give rise to 
the decrease in charge carrier concentration for χ > 0.2. 
In the study of chapter 7 radiative transitions involving deep levels 
(i.e. recombinations with his < 1.5 eV) have been investigated as a function 
of the most important growth parameters: the SÌH4 input mole fraction, 
the ratio of the trimethylaluminum (TMA) and trimethylgallium (TMG) 
input concentrations and the V/III ratio. The study has resulted in the 
identification of the Sica — VQ» complex and the determination of its ion-
ization energy as a function of the Al content x. For high SÌH4 dopant 
concentrations a novel PL-emission was detected, which was proposed to 
be caused by the Sica — SIAS complex. Furthermore, the influence of the 
growth parameters on the character of the 0.8 eV emission band has been 
studied in detail. In contrast to previous authors who have attributed this 
emission to the DX center, we found an anti-correlation of its PL intensity 
and the Si concentration, which makes the association with the DX cen-
ter most unlikely. The peak energy and the full width at half maximum 
(FWHM) were found to be independent of the Al-f г act ion, the V/III ratio 
and the Si content. These findings led to the conclusion that the emission 
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does not involve conventional donor or acceptor states tied to the conduc­
tion and valence band, but that it should on the contrary be attributed 
to a complex defect having internal transitions not related to the band 
properties. 
Chapter 8 deals with the influence of the substrate orientation on 
the photoluminescence and electrical properties of MOCVD-grown n-type 
Al
x
Gai_
x
As. The usual decrease of the charge carrier concentration for 
χ > 0.2, generally attributed to the influence of the DX center, was not 
observed for epitaxial layers grown on (110) oriented substrates. These 
higher carrier concentrations were found to be accompanied by lower Hall 
mobilities. Furthermore, on the (110) samples two novel PL peaks were 
found which were very weak or absent for (100) and (111) orientations. 
These emissions were attributed to a VA S — AsQa complex and a V^e — SiAe 
or VAS — SiGa complex. The unusual electrical results were explained by 
the presence of these complexes and a high concentration of А 8 . These 
high VAS concentrations were tentatively accounted for by the difference 
in step and kink site orientation at the growing front of the (110) plane 
compared to the other orientations. 
Chapter 9 describes a study on the hydrodynamic conditions at which 
recirculating flows will occur in an MOCVD reactor. These return flows 
can greatly influence the interface properties of heterostructures, since a 
"memory effect" is introduced by recirculating flows. By a systematic vari­
ation of the typical growth conditions in the MOCVD process, i.e. the 
pressure, temperature, flow velocity and type of carrier gas, the conditions 
at which return flows occur have been determined. On the experimental 
level, this was done by flow visualization experiments using ТіОз tracer 
particles. At the theoretical side, firstly the Navier-Stokes equations were 
put into dimensionless form, by which the critical dimensionless hydrody­
namic numbers could be deduced. These turned out to be the GrashofF 
and Reynolds number and a scaled dimensionless temperature difference. 
Secondly, numerical calculations were performed in which again the above-
mentioned parameters were varied. The results of both the visualization 
studies and the numerical calculations could be summarized by one simple 
hydrodynamical criterion for the onset of return flows. 
Although macroscopic ТІО2 tracer particles can be used to determine 
the flow patterns accurately at isothermal conditions, these particles are 
useless for the investigation of molecular diffusion phenomena. Therefore, 
additional hydrodynamical experiments were performed using luminescent 
biacetyl molecules. The results are given in chapter 10. These molecules 
were introduced into the main gas flow and their concentration could be 
17 
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measured by recording the luminescence intensity, which was excited by 
a high pressure mercury lamp. The effect of gas source switching in a 
realistic growth cycle was simulated by recording the transient luminescence 
intensity after turning-off the biacetyl flow. Special attention was paid to 
the influence of persistent memory cells on the residence times. For typical 
MOCVD conditions, an increase in residence times of several seconds was 
measured, which corresponds to the growth of several tens of monolayers. 
18 
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Part la. Spatially resolved photoluminescence and 
defect studies of bulk material: standard spatial 
resolution. 
Chapter 2 
Study of defects in semi-insulating, LEG 
GaAs by selective photoetching and spatially 
resolved photoluminescence. 
J.L. Weyher, Le Si Dang and E.P. Visser. 
Abstract. 
Two different techniques have been employed to study crystallographic 
and chemical defects in undoped Liquid Encapsulated Czochralski (LEG) 
GaAs: selective photoetching (the so-called DSL method) and spatially re-
solved photoluminescence (PL). The ratio of near band-gap photolumines-
cence intensities obtained from grown-in defects and from the dislocation 
free matrix varies orders of magnitude depending upon the growth con-
ditions. In addition, "pure" stress-induced dislocations do not show any 
recognizable photolumïnescence contrast within the spatial resolution of 
10 μιη. Differences in the relation between dislocations and electrically ac­
tive impurities in different GaAs ingots are discussed in terms of growth 
parameters, namely constitutional supercooling and thermal stresses. 
This chapter is based on a paper presented at the "Fourteenth Interna­
tional Symposium on Gallium Arsenide and Related Compounds", 1987, 
Herakleion, Greece. (Inst. Phys. Conf. Ser. 91 (1988) p. 109.) 
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1. Introduction. 
The influence of substrate dislocations on the performance of elec-
tronic devices, such as Field Effect Transistors (FETs), has been reported 
in a controversial manner [1,2]. The conflicting results are probably due 
to the use of molten KOH as a tool to locate the defects. This etchant 
produces well-deñned pits on the outcrops of dislocations but fails in re-
vealing the impurity atmospheres of grown-in dislocations [3]. Recently, 
new possibilities in this respect were offered by the sensitive DSL pho-
toetching technique (Diluted Sirtl-like solutions used with Light [4,5]). By 
shallow photoetching different types of defects can be discerned, among oth-
ers "pure" glide dislocations and grown-in dislocations [6]. It has also been 
shown, that in semi-insulating GaAs, the recombinative impurity atmo-
spheres are distributed non-uniformly around grown-in dislocations [3,6]. 
In this paper, the association of different types of dislocations with impu-
rity atmospheres is reported for two semi-insulating, LEC-grown undoped 
GaAs ingots. The samples were examined by DSL photoetching, KOH 
etching and spatially resolved near band-gap photoluminescence at 1.8 K. 
The luminescence experiments were performed with a spatial resolution of 
10 μιη. The Λ = 488 nm line of an Ar + laser was used as excitation source. 
2. Experimental results. 
A characteristic radial distribution of dislocations across the wafers 
from central parts of both examined GaAs ingots is shown in fig. 1. Crystal 
"A" shows a W-shape distribution of the Etch Pit Density (EPD), whereas 
the dislocation density across the wafers from crystal "B" is almost constant 
and remarkably lower. 
DSL photoetching reveals numerous bands of glide dislocations and 
weakly marked dislocation cells in crystal "A", as is shown in flg. 2a. These 
bands are arranged along <110> directions and are very dense close to 
edges of the wafers. Crystal "B", however, contains a very uniform dislo­
cation cell structure and shows no signs of glide, as can be seen in figs. 1 
and 3a. 
The different character of dislocations in the GaAs crystals "A" and 
"B" appears also when the DSL photoetching patterns are compared with 
spatially resolved photoluminescence results, as is shown in figs. 2a-b and 
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Fig. 1. Radial Etch Pit Density (EPD) distributions in LEG 
GaAs crystals obtained from two producers. 
3arb. From this comparison and from surface profiling after photoetching 
(figs. 4a and 5a) it follows: (i) There is a one to one correlation between 
the DSL-revealed dislocation cells or individual grown-in dislocations and 
the PL mappings,- (ii) "Pure" stress-induced dislocations in samples "A" do 
not show any recognizable photoluminescence contrast although they are 
clearly visible, together with the glide traces, after DSL photoetching (see 
fig. 2a); (iii) Both samples show an essential difference in the ratio of the 
PL intensities on dislocation cell walls and at the crystal matrix. In "A" 
GaAs, the PL intensity on grown-in defects relative to the intensity from 
the matrix is about 2:1, whereas in crystal "B" this ratio runs from 50:1 to 
100:1, as can be noted in the linear PL-scans in figs. 4b and 5b; (iv) The 
sensitivity of photoetching is essentially higher for crystal "B" (compare 
figs. 4a and 5a). 
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700 
Fig. 2. LEG GaAs, 
producer "A" 
(a) Surface structure 
after DSL photoetch-
ing showing grown-in 
dislocations (G) and 
stress-induced glide 
dislocations (S). The 
surface profile along 
the line 1-2 is given 
in fig. 4a; 
(b) Mapping of near 
band-gap photolumi­
nescence at 1.8 К 
for the same area as 
in (a). A line scan 
of the PL-intensity 
across the line indi­
cated by arrows is 
given in fig. 4b. The 
PL-energy is 1.512 
eV. 
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Fig. 3. LEG GaAs, 
producer "B" 
(a) Surface structure 
after DSL photoetch-
ing. The siirface pro­
file along the line 1-2 
is given in fig. 5a; 
(b) Mapping of near 
band-gap photolumi­
nescence at 1.8 К 
for the same area as 
in (a). A line scan 
of the PL-intensity 
across the line indi­
cated by arrows is 
given in fig. 5b. The 
PL-energy is 1.512 
eV. 
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Fig. 4. Step profiler scans after DSL photoetching and scans 
of PL-intensity for crystal "A" 
(a) Surface profile along the line 1-2 in fig. 2a; 
(b) PL-scan along the line indicated in fig. 2b. 
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Fig. 5. Step profiler scans after DSL photoetching and scans 
of PL-intensity for crystal "B" 
(a) Surface profile along the line 1-2 in fig. 3a; 
(b) PL-scan along the line indicated in fig. 3b. 
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All these experimental facts lead to the conclusion that the dislocation-
related spatial inhomogeneity of electrical properties is much stronger in 
crystal "B" than in crystal "A". On the base of the present results, however, 
it is not possible to determine whether these spatial fluctuations have to be 
attributed to the distribution of shallow impurities or deep non-radiative 
centers. 
3. Discussion of results. 
The results of the examination of the structure of both G a As ingots 
lead to a determination of the growth conditions for crystal "A" and αΒ", 
respectively. These essentially different conditions are summarized in fig. 6. 
The crystal labelled "A" was grown under the condition of a relatively 
high thermal gradient (high slope of Tq(A)). As a result numerous "fresh" 
glide dislocations are generated at the crystal surface due to the presence 
of stresses which exceed the critical resolved shear stress (CRSS) of the 
GaAs lattice. The density of dislocations is therefore the highest in the rim 
and forms the characteristic W-shape distribution across the wafer (fig. 1), 
according to the theoretical predictions of Jordan et al. [7]. As follows 
from the principles of solidification [8] under such growth conditions a small 
constitutional supercooling occurs (fig. 6, ingot "A"). A stable growth front 
is then expected and only small variations of the concentration of impurities 
should be present. PL results confirm this prediction, as is evident from 
fig. 4b. 
On the contrary, crystal "B" was grown under the conditions of a 
small thermal gradient (small slope of Tq(B) in fig. 6). As a result no stress-
induced dislocations are present but due to high constitutional supercooling 
of the liquid the growing front becomes locally unstable and dislocation 
cells are formed. This effect is followed by increasing variations of the 
concentration of impurities, as is well documented for "B" GaAs by PL 
examination (fig. 5b). 
4. Conclusions. 
1. It has been demonstrated by means of DSL photoetching in combina­
tion with spatially resolved photoluminescence, that the dislocations 
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Fig. 6. Illustration of the growth conditions of "A" and "B" 
GaAs crystals with high (Tq(A)) and low (Tq(B)) gradients 
of temperature in the liquid. 
Co -initial impurity concentration 
TL -liquidus temperature 
Tg -solidus temperature 
Tq -real temperature of the liquid dependent upon heat 
flow. 
in undoped LEC-grown GaAs have an essentially different degree of as-
sociation with impurities. The differences in the degree of decoration 
result from the growth conditions and are explained on the basis of the 
concepts of constitutional supercooling and thermal stress analysis in 
LEG grown GaAs. 
2. The essential differences in PL efficiency from "pure" stress-induced 
dislocations and grown-in dislocations give the key to understanding of 
the influence of individual dislocations and their impurity atmospheres 
on device performance. It has for instance been demonstrated in ref. [9] 
that the lowering of Vih for FETs, which occurs in the proximity of 
dislocations, must be attributed to the impurity atmospheres, and not 
to the dislocations themselves. 
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Chapter 3 
Microstructure changes after annealing of un 
doped and Cr-doped LEC-grown GaAs. 
E.P. Visser, J.L. Weyher and L.J. Giling. 
Abstract. 
Micro-inhomogeneities in semi-insulating, LEC-grown GaAs crystals were 
investigated by selective photoetching (DSL) and spatially resolved photo-
luminescence at 1.8 K. The crystals involved were all taken from one pro­
ducer and were grown under the same conditions except for the doping con­
tent. Undoped and Cr-doped crystals with two different Cr-concentrations 
were selected. The photoetching patterns were analyzed quantitatively us­
ing a three-dimensional optical step profiler. In order to study the inter­
action of point defects with dislocations, the samples were annealed for 2 
hours at 800°С under AsHa pressure in an MOCVD reactor, leading to a 
heat treatment comparable to that of an epitaxial growth process. It was 
found that after annealing, by which the semi-insulating character of the 
crystals was not changed, all samples showed a decrease of the photoetch­
ing contrast. The height difference of hillocks and valleys, expressed as 
the root-mean-square deviation from the average height across the sample, 
was decreased by a factor 1.6. No essential difference in etching behav­
ior between undoped samples and Cr-doped samples with different doping 
content was found. The photoluminescence results, however, showed a re­
markable difference between the undoped and the Cr-doped samples after 
annealing. Although an increase in the overall intensity of the near band-
gap photoluminescence, recorded with an unfocused laser beam, was found 
Journal of Applied Physics, submitted 
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abstract (continued) 
for all samples after annealing, this increase was an order of magnitude 
larger for the undoped samples compared to the Cr-doped ones. Fur-
thermore, the photoluminescence contrast between dislocated and non-
dislocated areas, recorded with a focused laser beam, was not changed 
significantly after annealing for the Cr-doped samples, but increased very 
markedly for the undoped samples. Analysis of the local photolumines-
cence spectra taken at different regions on the samples showed a relative 
enhancement of acceptor-bound exciton (A0,X) relative to donor-bound 
exciton (D0, X) transitions at dislocated areas. Furthermore, a novel emis-
sion for LEG GaAs at 1.5116 ± 0.0003 eV was also found to be strongly 
enhanced at these regions. The same enhancement of both this novel emis-
sion and (A0,X) transitions relative to (D0,X) transitions was detected for 
the annealed samples compared to the as-grown ones. Again, these phe-
nomena were most strongly recognized in the undoped samples, and were 
less pronounced in the Cr-doped ones. All photoluminescence results can 
be explained by the disappearance of excess As related photoluminescence 
killer centers during annealing. The disappearance is proposed to proceed 
via diffusion of interstitial As-atoms and the formation of As-precipitates, 
for which dislocations act as nucleation centers. This mechanism is assumed 
to be less effective when large numbers of Cr-atoms are present in the GaAs 
lattice. Additional deep level photoluminescence spectra of the 0.65 and 
0.80 eV emission bands are shown to be in accordance with the proposed 
model. Opposite to the photoluminescence results, the photoetching results 
are not explained in a straightforward way, but some suggestions are put 
forward. 
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1. Introduction. 
Semi-insulating, bulk GaAs crystals are widely used for the fabrication 
of high performance integrated circuits by direct ion implantation and as 
substrate material for the growth of epitaxial layers. It is well known that 
liquid-encapsulated Czochralski (LEG) crystals of (001) orientation, which 
are predominantly used today, still show strong inhomogeneities regarding 
the dislocation density, the residual impurity concentration, and the in­
trinsic defect distribution. These inhomogeneities appear on a macroscopic 
scale, showing up as M- or W-shaped profiles along the diameter of a wafer 
in x-ray topography, spatially resolved measurements of electrical resistiv­
ity and mobility, and in optical measurements like near-infrared absorption 
and photoluminescence. A survey of these effects can be found in ref. [l]. 
On a smaller scale, inhomogeneities appear as grown-in and stress-induced 
dislocations, which may be surrounded by atmospheres of impurities or 
native defects. Depending upon the exact growth conditions, these disloca­
tions can be isolated or may form dislocation cell-structures and streamers 
(M-
As stronger requirements are put forward with regard to device per­
formance, it is essential to establish conclusive quantitative correlations be­
tween substrate properties, both on a macroscopic and microscopic scale, 
and specific device parameters. Several experimental studies have been car­
ried out to establish the correlation between the threshold voltages (Vth) of 
field-effect-transistors (FET) and defects in the substrate. In early papers 
a decrease of Vtll in dislocated areas has been reported by several authors 
[5-7]. It was shown more recently that not the dislocations themselves, 
but the impurity atmospheres around dislocations are responsible for this 
lowering of Vth [8] · 
In order to improve the substrate homogeneity several post-growth 
heat treatments can be carried out. Many different experimental conditions 
for the annealing process with temperatures varying from 500 to 1100°С 
have been reported [9]. Anneal-times may be very short, as in rapid thermal 
annealing (RTA) where the samples are heated during several seconds by 
tungsten-halogen lamps [10], or may be as long as 123 hours, as reported 
in ref. [11], where an exceptional uniformity of the EL-2 concentration 
was obtained. After the heat treatments the crystals may be cooled down 
to room temperature very rapidly in order to quench high-temperature 
thermodynamic equilibria of impurities and native defects, or the cooling-
down may be slow in order to allow new equilibria to establish during the 
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temperature decrease. A systematic study of the influence of the thermal 
history upon material properties was carried out by treating the crystals 
with several quench- and anneal cycles [12]. Recently it was pointed out 
that luge differences in uniformity can exist between material annealed in 
one ingot as a whole, and the same material annealed as individual wafers 
[13]. 
The process we have chosen is the annealing of small substrates of 
about 5 x 5 mm3 and a thickness of 0.3 mm in a conventional horizontal 
MOCVD reactor, which to our knowledge has never been reported until 
now. The reasons for choosing this kind of heat treatment are twofold. 
First of all MOCVD reactors, which are especially designed for the exact 
control of carrier and growth gases, dopant elements and the temperature 
distribution inside the reactor, provide a handy means for annealing crys-
tals under well-defined conditions. Moreover, the high purity which can 
be achieved in MOCVD reactors is of great advantage compared to the 
contamination problems one is faced with during the more conventional 
annealing in closed ampules. The second reason for choosing the MOCVD 
reactor as an annealing apparatus is more fundamental: If one is not only 
producing electronic devices by using substrates for ion implantation, but 
also by growing epitaxial layers of different material or doping contents, it 
is essential to consider the heat treatments which the substrates undergo 
during the epitaxial growth process. This latter has shown its relevance 
because of the interaction between the substrate and the grown epilayers 
as far as diffusion of impurity atoms and propagation of dislocations from 
the substrate into the epilayers is concerned [14]. 
Thanks to the use of pyrolytic boron nitride crucibles and by exploiting 
the gettering effect of the boron oxide encapsulant it is nowadays possible 
to reduce the number of accidental impurities in LEC growth to such a level 
that undoped, semi-insulating crystals can be grown. For this reason, it is 
not necessary anymore to add Cr or another compensating deep acceptor in 
order to obtain the semi-insulating character of the material. Nevertheless, 
Cr-doped, semi-insulating crystals are still widely commercially available 
(about 50% of the production of Sumitomo Electric Industries, which is 
the first G a As producer worldwide, consists of this material [15]) and are 
used on a large scale in device production. Therefore it is worthwhile, both 
fundamentally and practically, to study the differences between undoped 
and Cr-doped semi-insulating material. 
In our work we focused the attention on the differences in microstruc-
ture (dislocations interacting with surrounding impurities) related to the 
behavior under heat treatment in the MOCVD reactor. The GaAs crystals 
34 
Chapter S: Microetructure changes after annealing 
investigated were LEC-grown, semi-insulating. They were all taken from 
one producer and had been grown under the same conditions except for the 
doping content. Undoped, lightly Cr-doped (0.005 wt %) and more heavily 
Cr-doped (0.05 wt %) crystals were selected. The samples were cleaved out 
of wafers which had the same distance to the seed-end (about 5/7 of the 
ingot length). Furthermore, in order not to introduce differences due to the 
already mentioned radial fluctuations across a wafer, the samples were all 
cleaved at locations midway between the center and the rim of the wafer. 
The characterization methods used are the DSL (Diluted Sirtl-like 
etching with the use of Light) defect selective photoetching method [16] 
and spatially resolved photoluminescence at 1.8 К with a spatial resolution 
of 15 μιη. Compared to other etching techniques, the DSL method is es­
pecially useful because it does not only reveal the dislocations themselves, 
but also the surrounding impurity atmospheres [17]. By the photolumi­
nescence experiments the local variations of the near band gap transitions 
were mapped. In addition, deep-level photoluminescence measurements 
were carried out to study the influence of annealing upon the 0.80 eV ra­
diation and the EL-2 related 0.65 eV emission band. In all experiments 
the annealed samples were compared with a separate set of corresponding 
as-grown samples. 
2. Experiments. 
The annealing of the samples was carried out in an atmospheric pres­
sure, rectangular, horizontal MOCVD reactor, which was resistance-heated 
from below and water-cooled on top. As in a normal epitaxial growth run 
the reactor was flushed with hydrogen, which is the conventional carrier 
gas in MOCVD. The crystals were situated on a quartz susceptor and were 
mechano-chemically polished before annealing. Just before introducing the 
samples into the reactor, they were treated with a conventional cleaning 
cycle using HCl, chloroform, acetone, deionized water and isopropanol. In 
order to prevent the out-diffusion of the volatile As atoms from the GaAs 
crystals during annealing, an arsenic overpressure was realized by introduc­
ing an arsine flow into the main hydrogen flow. Both gases were electronic 
grade. The Нз flow velocity in the cell (for the entrance region at room 
temperature) was set at 5.5 cm/s and the A3H3 concentration was 0.58 
vol. %. The crystab were annealed during 2 hours at a temperature of 
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800°C. No special attempts were made to quench the thermodynamic equi-
libria by decreasing the temperature rapidly after annealing. The normal 
cooling-down period of about 20 minutes to attain room temperature was 
used. 
It was found that under the above anneal conditions no basic changes 
of the surface morphology occurred. All crystals were still specular, and 
only by using an interference contrast microscope set at a magnifícation of 
500 X, a very vague wavy pattern on the surface of the annealed samples 
could be discerned. This indicates that basically the surface morphology did 
not change by annealing. Before photoetching the samples were mechano-
chemically polished again, by which a top layer of about 1 μιη was removed. 
In order to investigate whether mere surface effects, caused by annealing, 
will influence the photoetching and photoluminescence results, a parallel 
anneal experiment was performed after which the surface layer was not 
removed. 
In order to obtain quantitative photoetching results the etching con­
ditions were kept exactly equal for all samples. We used a Di^Sj^L mix­
ture of HF, СгОз and water, where the notation D1:xSa/bL is taken from 
ref. [16]: 
S
a
/ b : basic mixture consisting of a and b volume parts of HF (48 wt. %) 
and СгОз (33 wt. %) aqueous solutions respectively. 
Di
: x
: dilution of 1 volume part of basic mixture with χ volume parts of 
water. 
The samples were illuminated during 2ς minutes by a halogen lamp, which 
gave a power density of « 320 mW/cnv2. 
An interference contrast microscope was used for quick inspection of 
the photoetching patterns on the samples. For quantitative analysis we 
used a "WYKO TOPO-3DB optical surface profiler, by which height mea­
surements are performed through the technique of phase shifting interfer-
ometry. The interference between light reflected from the crystal surface 
and light reflected from an internal reference surface is imaged onto a two-
dimensional solid-state detector array. The interference patterns are cre­
ated using a Mireau interferometer and monochromatic light with Λ = 650 
nm. The data, consisting of a matrix of 248 X 239 measured points, are 
digitized and transmitted to computer memory, where the heights across 
the surface are calculated. Two different microscope objectives, resulting 
in spatial resolutions of 1 and 4 μιη, and totally covered areas of 0.25 χ 0.25 
and 1 x 1 mm2 respectively, were used. The vertical resolution was 1 nm 
in both cases. 
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500 Hm 
Fig. 1. Interference contrast microscope pictures showing 
the surface patterns obtained after DSL photoetching during 
2 | minutes using the standard Di^Si/öL mixture. 
(a) Undoped, as-grown; 
(b) Undoped, annealed for 2 hours under AsHa at 800oC. 
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Fig. 2. Optical step profiler pictures showing height dif­
ferences of the photoetching patterns for randomly selected 
areas of about 1 x 1 mm 2 . Distances are in microns. 
(a) Undoped, as-grown. Brightest and darkest areas cor­
respond to +60 nm and —140 nm relative to the average 
sample height, respectively. RMS deviation of the average 
height equals 31.1 nm; 
The height differences across an investigated area were expressed as 
the Root-Mean-Square (RMS) deviation of each data point from the aver­
age height of the surface. Because the dislocation density may vary slightly 
across a sample, the RMS values obtained for different regions on the same 
sample also show small variations. In order to arrive at RMS values charac­
teristic for each sample, 6 independent mappings of different areas of 1 χ 1 
mm
2
 were performed for each sample. 
The photoluminescence experiments were performed at 1.8 К in a bath 
cryostat using the λ = 488 nm line of an Ar+ laser as excitation source. 
focusing of the laser beam on the sample was realized by a single lens 
situated on an x-z translation stage outside the cryostat. A spatial resolu­
tion of 15 μιη was obtained. The standard laser power used was 1.5 mW, 
yielding a power density of « 200 W/cm2. The PL signal was detected 
by a water-cooled GaAs photomultiplier tube coupled to a single grating 
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fig. 2 (continued) 
(b) Undoped, annealed. Brightest and darkest areas corre-
spond to +50.3 nm and —74.7 nm relative to the average 
sample height, respectively. RMS deviation of the average 
height equals 17.1 nm. 
monochromator, which was set at a spectral resolution of 3 Â. Spectra, 
two-dimensional mappings and line-scans were digitized and recorded by a 
personal computer. 
For detection of the spatially averaged photoluminescence spectra sev-
eral additional experiments with an unfocused Ar+ laser beam were per-
formed. The recorded photoluminescence signals show of course the aver-
aged contribution of dislocated and non-dislocated regions on a large sam-
ple area. Using the natural beam diameter of 1.4 mm (at 1/e2 points) and 
correcting for the beam divergence, a power density of » 4 W/cm2 was ob-
tained. In these experiments the samples were mounted in a liquid-He flow 
cryostat, allowing the temperature interval of 4.2 - 300 К to be used. For 
detection of deep-level photoluminescence a liquid N2-cooled InAs detector 
was used. 
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3. Experimental results. 
Before carrying out the photoetching and photoluminescence exper­
iments, it weis checked by resistivity measurements whether conductivity 
changes might have occurred. It followed that all samples, both as-grown 
and annealed, were semi-insulating with ρ > 2 X IO7 iìcm 
S.l. Photoetching results. 
The surface patterns on the undoped samples, obtained after pho-
toetching under the standard conditions mentioned in the preceding section, 
are shown in figs, la and lb for the as-grown and annealed sample respec-
tively. These pictures were taken using an interference contrast microscope. 
Isolated dislocations and dislocation cell structures can be recognized. Al-
though it cannot be deduced from interference contrast pictures which parts 
are hillocks and which parts are depressions, it follows from surface profil-
ing (see below) that the defects mentioned show up as depressions, both 
for the as-grown and the annealed sample. Already from these pictures 
it is clearly seen that the height differences in the photoetching patterns 
are smaller for the annealed sample compared to the as-grown one. The 
Cr-doped samples show the same qualitative relationship between as-grown 
and annealed cry stab. 
Quantitative values of the height differences were recorded using the 
optical step profiler. Figs. 2a and 2b show the height differences (in gray 
shades: dark = depression, bright = hillock) for an area of about 1x1 mm2 
on the undoped as-grown and annealed sample respectively. On the as-
grown sample in fig. 2a some dislocation cell walls (i.e. the dark regions) 
showing up as depressions can be seen. The gray shades for this picture were 
optimized such that the brightest and darkest areas correspond to values of 
+60 nm and —140 nm relative to the average sample height, respectively. 
The RMS value of the height differences on the crystal surface was found 
to be 31.1 nm. For the annealed sample, shown in fig. 2b, the brightest and 
darkest shades correspond to +50.3 nm and —74.7 nm, respectively. On 
this sample the RMS height difference equals 17.1 nm. From these values 
it is clear that the photoetching contrast is much weaker on the annealed 
sample than on the as-grown one, both expressed as peak-to-valley and as 
RMS height differences. A similar decrease of the photoetching contrast 
after annealing was found for the Cr-doped samples. Since it was found 
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that small variations occurred when different crystal areas were selected, 
we recorded the RMS height differences on each sample for 6 different areas 
chosen at random. The averaged results are presented in table 1. Although 
some differences occur for samples with different Cr content, it follows from 
table 1 that the RMS values are significantly higher by a factor 1.5 - 1.7 
for the as-grown samples compared to the annealed ones. 
as-grown 
annealed 
undoped 
30.4 ± 2.3 
19.6 ±2.1 
0.005% Cr-doped 
20.1 ± 1.2 
12.0 ± 0.9 
0.05% Cr-doped 
36.3 ± 2.6 
24.5 ± 2.2 
Table 1. RMS values (in nm) of height differences across 
sample areas of 1 χ 1 mm2. The values were obtained by 
averaging the results of 6 independent measurements of ran­
domly selected areas for each sample. The indicated errors 
are standard deviations from the average value. 
as-grown 
annealed 
undoped 
dark 
0.20 
0.18 
ilium. 
0.32 
0.32 
0.005% Cr-doped 
dark 
0.16 
0.18 
ilium. 
0.28 
0.30 
0.05% Cr-doped | 
dark 
0.18 
0.20 
ilium. 
0.28 
0.30 
Table 2. Overall etching velocities (in μτη/τηίη) obtained 
using the standard D i ^ S ^ L mixture. Values are given for 
etching without light, and for etching under the standard 
illumination power of 320 mW/cm2. The experimental error 
in the etch velocities equals 0.02 μτη/πΰη. 
The series of annealed samples which were not polished before pho-
toetching was investigated qualitatively by comparing the interference con-
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trast microscope pictures. Apart from the already mentioned vague wavy 
pattern, which remained present superimposed on the photoetching pat-
terns, no differences were found compared with the polished samples. This 
fact leads to the assumption that no drastic changes of surface properties 
were induced by the anneal process as far as the photoetching results are 
concerned. 
In order to establish whether the decrease of photoetching contrast 
after annealing has to be attributed to local effects, related to dislocations, 
or to changes in the overall etching velocities, the latter were determined 
for all samples both with and without illumination. The results are shown 
in table 2. It follows that, within the experimental accuracy, no differences 
in etching velocity were detected between crystals of different Cr content 
and between as-grown and annealed samples. These results prove that 
the weaker photoetching contrast after annealing has to be attributed to a 
weaker response to photoetching of the areas around dislocations, and not 
to changes of the overall material properties. 
The fine structure of surface profiles was studied using the optical step 
profiler with the high magnification objective lens, resulting in a spatial 
resolution of 1 μιη. A typical example of part of a dislocation cell wall 
in the undoped, as-grown sample is shown in fig. 3a. A corresponding 
line scan is presented in fig. 3b. These types of dislocations, consisting of 
a depression having a width of several tens of microns surrounded by an 
extended higher region, were found on all crystals. Moreover, at the exact 
outcrop of the dislocation, i.e. at the deepest point in the depression, a 
small hillock is present. These hillocks are in fact always present, but are 
sometimes not recognized due to very small height and width compared to 
the resolving power. 
In contrast to the above dislocations a second type of dislocation, hav­
ing a width of less then 10 μιη and showing up as hillocks, was observed 
(fig. 4a). These small hillocks are not surrounded by a large depression 
and an extended higher region. A line scan is presented in fig. 4b. These 
dislocations were found to be superimposed on the larger structure of the 
first type in a random distribution. This type of dislocation was present 
in a much smaller concentration than the first type. The picture of fig. 4a 
was taken from the lightly Cr-doped, as-grown sample. 
Dislocations of the first type, which are surrounded by large impurity 
atmospheres, are known to be grown-in dislocations, whereas those of the 
second type are stress-induced glide dislocations. The formation of both 
types of dislocations in relation to the growth parameters will be discussed 
in section 4. 
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|цт 
49 96 1A2 189 235 
Distance on Surface in Microns 
Fig. 3a. Optical step profiler recording with high magnifi­
cation objective. Distances are in microns. Brightest and 
darkest areas correspond to +22.8 nm and -51.3 nm, re­
spectively; 
Fig. 3b. Line scan across the indicated line of Fig. 3a. 
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3 49 96 U 2 189 235 
Distance on Surface in Microns 
Fig. 4a. Optical step profiler recording of several isolated 
dislocations of the second type. These dislocations show up 
as hillocks of small width (м 10 μπι), superimposed on the 
larger structure of hillocks and depressions. Distances are in 
microns. Brightest and darkest areas correspond to +34.2 
nm and -21.0 nm, respectively; 
Fig. 4b. Line scan across the indicated line of Fig. 4a. 
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S.2. Photoluminescence results. 
Two-dimensional mappings of the near band-gap photoluminescence 
intensities were recorded at arbitrarily chosen areas on all samples. As 
"near band-gap luminescence" we will consider all radiative transitions 
with energy > 1.500 eV. For GaAs this means that the specific transitions 
involved are free- and bound exciton recombinations (including scattered 
excitons), (D0,h) transitions and band-to-band (e,h) recombinations (the 
description of the precise energy values found for our samples will be post­
poned until the discussion of the spectra). The PL-mappings, together with 
the corresponding DSL pictures for arbitrary areas of 600 χ 600 μτη2 on the 
undoped samples are shown in figs. Sa^ (as-grown) and 6a,b (annealed). 
Again, the much weaker photo-etching pattern after annealing can be rec­
ognized by comparing figs. 5a and 6a. Furthermore it is seen that the cell 
walls show up as regions with higher photoluminescence intensity than the 
crystal matrix in both the as-grown and the annealed sample. 
By comparing the PL-mappings of figs. 5b and 6b it can also be no­
ticed that the contrast in photoluminescence is much higher on the annealed 
sample compared to the as-grown one. Since these gray-shade representa­
tions do not show the absolute PL-intensities (the contrast is optimized so 
that the darkest shade corresponds to the lowest recorded intensity on the 
specific area, and the brightest shade to the highest intensity) an additional 
three-dimensional representation is given in figs. 5c and 6c. For clarity of 
Fig. 5. (next page) 
Photoetching patterns and two-dimensional mapping of the 
near band-gap photoluminescence intensity for the undoped, 
as-grown sample. The mapping was recorded using the stan­
dard excitation power density of 200 W/cm2 
(a) Interference contrast microscope picture of the surface 
patterns obtained after standard DSL etching of an area of 
600 X 600 μτη2] 
(b) Gray shade representation of the near band-gap photo-
luminescence mapping of the same sample area as in fig. 5a. 
Bright and dark regions correspond to high and low PL-
intensities, respectively; 
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600 600 
0
 / 600 
distance (μηη) 
Fig. 5 (see previous page) 
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as-grown 
fig. 5 (continued) 
(c) Three dimensional representation of the near band-gap 
PL-intensity for the lower left corner (300 X 300 μτη2) of 
fig. 5b. The base plane corresponds to zero PL-intensity. 
presentation, only the "lower left corners" of 300 X 300 μπν2 are given for 
both samples. Again, the very marked PL-contrast on the annealed sample 
is seen in fig. 6c. Furthermore it can be noted by comparing figs. 5c and 
6c that not only the PL-contrast has increased by annealing, but also the 
absolute intensities are higher on the annealed sample compared to the as-
grown one (note that the z-axis in fig. 6c has been scaled by 0.1, i.e. the 
intensity values have been multiplied by 0.1 relative to those of fig. 5c). 
Similar two-dimensional PL-mappings were performed on the Cr-
doped samples. Qualitatively, the results were found to be comparable 
to those of the undoped samples, i.e. (i) cell walls showed up as regions 
of higher PL-intensity than the surrounding crystal matrix and (ii) the 
PL-intensities were found to have increased by annealing. However, the 
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amount by which the intensities had increased, and the PL-contrast after 
annealing were much smaller for these Cr-doped samples compared to the 
undoped ones. 
In order not to be limited by the arbitrarily chosen regions on the sam­
ples, and for a more quantitative comparison of the above-mentioned re­
sults, large numbers of additional line scans of 2500 μτη were recorded. Typ­
ical line scans across the undoped as-grown and the undoped annealed sam­
ple are shown in figs. 7a and 7b, respectively. Whereas the two-dimensional 
mappings were recorded for the near band-gap energy region (bound ex­
citons and (D 0, h) transitions) only, these line scans also show the profiles 
of the (e,A0) and (D 0,A 0) transitions with CA« as acceptor at 1.493 and 
1.490 eV respectively. For the as-grown sample it is clear from fig. 7a that 
no essential differences exist between the profiles recorded for the three 
different energies. For the annealed sample, fig. 7b shows the very high 
PL-intensity on dislocation cell walls and the large contrast differences of 
the near band-gap luminescence already seen in the two-dimensional map­
ping (note that the intensity values in this figure have been scaled by 1/27). 
However, it can be seen in the same figure that this increase relative to the 
as-grown sample is much less marked for the (e,A0) and (D^A 0 ) transi­
tions. Line scans for the near band-gap transitions across the lightly and 
heavily Cr-doped samples are shown in figs. 7c,d and figs. 7e,f, respectively. 
Again the increase of PL-intensity after annealing can be noted. The pro-
Fig. 6. (next page) 
Photoetching patterns and two-dimensional mapping of the 
near band-gap photoluminescence intensity for the undoped, 
annealed sample. The mapping was recorded using the stan­
dard excitation power density of 200 W/cm2. 
(a) Interference contrast microscope picture of the surface 
patterns obtained after standard DSL etching of an area of 
600 X 600 μτη2; 
(b) Gray shade representation of the near band-gap photo-
luminescence mapping of the same sample area as in fig. 6a. 
Bright and dark regions correspond to high and low PL-
intensities, respectively; 
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a n n e a l e d ( i n t e n s i t y s c a l e d b y 1/10) 
fig. 6 (continued) 
(c) Three dimensional representation of the near band-gap 
PL-intensity for the lower left corner (300 χ 300 μιπ2) of 
fig. 6b. The base plane corresponds to zero PL-intensity. 
Intensity values have been scaled by 1/10. 
files belonging to the (e,A0) and (D 0,A 0) transitions have not been in­
cluded in these figures because no essential differences compared to the 
near band-gap emissions were found, just as for the undoped as-grown 
sample (fig. 7a). For quantitative comparison of the PL-intensities on the 
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Fig. 7. Line scans of near band-gap photoluminescence in­
tensities along arbitrarily chosen lines of 2500 μτη. The stan­
dard excitation power density of 200 W/cm2 was used. All 
scans were recorded with the same sensitivity, except for the 
undoped, annealed sample, where very high PL-intensities 
were found (fig. 7b). The intensity values for this sample 
have been scaled by a multiplication factor of 1/27. Base 
Unes correspond to zero PL-intensity. 
(a) Undoped, as-grown. Profiles of the (e,A0) and (D0,A0) 
transitions at 1.493 and 1.490 eV are shown as well; 
six different samples (figs. 7a-f) it should be noted that all base-lines cor­
respond to zero intensity and that all intensity scales are equal, except for 
the undoped, annealed sample of fig. 7b, where the extraordinarily high 
intensities have been multiplied by 1/27. 
In order to study the local PL behavior more closely, spectra were 
recorded both at dislocations and in the crystal matrix. We like to men­
tion at this point that whenever the word "dislocation" is used in connec­
tion with photoluminescence results, we refer to both the dislocation itself 
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fig. 7 (continued) 
(b) Undoped, annealed. Intensity values scaled by 1/27. 
Profiles of the (e,A0) and (D0,A0) transitions at 1.493 and 
1.490 eV are shown as well; 
and an area of several tens of microns surrounding the dislocation. This 
is because the PL-signals originate from such an extended area due to the 
rather small resolution (« 15 μτη) obtained with the present PL mapping 
technique. The spectra are shown in figs. 8a-f. The results are presented 
in such a way that the highest observed PL-intensity, which occurs in the 
undoped, annealed sample at dislocations, has been normalized to 1. The 
factors by which the intensities of the other spectra were multiplied are 
presented in the figures. All spectra were recorded using the standard PL-
conditions described in section 2. It can be seen that very clear shifts of 
the peak energies and differences of PL-intensities occur when comparing 
spectra from dislocations and matrix on the one hand, and spectra from 
as-grown and annealed samples on the other. This will be discussed in 
more detail below. The general trend observed is that PL-intensities are 
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(c) 0.005% Cr-doped, as-grown; 
(d) 0.005% Cr-doped, annealed; 
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fig. 7 (continued) 
(e) 0.05% Cr-doped, as grown; 
(f) 0.05% Cr-doped, annealed. 
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Fig. 8. Near band-gap photoluminescence spectra taken at 
dislocations (upper figures) and at the crystal matrix (lower 
figures). The spectrum of the undoped, annealed sample 
has been normalized to 1. The factors by which the other 
spectra have been multiplied are shown in the figures. For 
all spectra the standard laser power density of 200 W/cm2 
was used. Base lines for zero PL-intensity have been drawn. 
(a) Undoped, as-grown; 
higher at dislocations compared to crystal matrix, and higher for the an-
nealed samples compared to the as-grown ones. Furthermore, lower energy 
transitions are favored at dislocations compared to crystal matrix and for 
the annealed samples compared to as-grown ones. 
The undoped samples show near band gap photoluminescence with a 
clear fine structure. In the corresponding energy region the most commonly 
observed transitions are exciton bound to neutral donor ((D0,X): 1.5141 
eV), exciton bound to ionized donor ((D+,X): 1.5133 eV), neutral donor to 
valence band ((D0,h): 1.5133 eV) and exciton bound to neutral acceptor 
((A^X): 1.5122-1.5128 eV) recombinations [18]. 
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fig. 8 (continued) 
(b) Undoped, annealed; 
At the crystal matrix (fig. 8a, lower figure) the (D0,X) transition at 
1.5141 eV is most strongly present. The (A^X) transition at 1.5128 eV 
only shows up as a shoulder. A separate peak at 1.5116 eV, having a lower 
intensity, is also found in this spectrum. To our knowledge, this transition 
has never been reported for LEG GaAs. Most probably the peak is caused 
by defect-induced bound exciton, (d,X), recombinations. Its origin will 
be discussed in the next section. At dislocations (fig. 8a, upper figure) 
the same emissions as in the crystal matrix are present, but the relative 
intensities have changed. The (D0,X) peak is now found as a shoulder at the 
high energy side, whereas the relative intensities of the (d,X) and (A0,X) 
transitions are much higher than at the crystal matrix and dominate the 
spectrum. 
In the spectra of the undoped, annealed sample (fig. 8b) the (D0,X) 
transition is no more present as a separate peak. The (d,X) transition at 
1.5116 eV has become the strongest one, both at dislocations and in the 
crystal matrix. In the crystal matrix (fig. 8b, lower figure) the (A0,X) 
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(c) 0.005% Cr-doped, as-grown; 
(d) 0.005% Cr-doped, annealed; 
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(e) 0.05% Cr-doped, as-grown; 
(f) 0.05% Cr-doped, annealed. 
58 
Chapter S: Microstructure changes after annealing, 
transition (1.5128 eV) is still present as a separate peak, although the rela­
tive intensity of the (d,X) transition (1.5116 eV) is higher. At dislocations 
(fig. 8b, upper figure) the (d,X) peak dominates the spectrum. Its intensity 
is about four times higher than the intensity of the (A0,X) transition, which 
is not visible as a separate peak. At dislocations also a small shoulder (S) 
at ta 1.5103 eV is found. Its origin will be discussed in the next section. 
The Cr-doped samples (figs. 8c-f) show featureless PL-peaks in the 
same energy region as the undoped ones, having a full width at half maxi­
mum of about 5-6 meV. These peaks are superpositions of the same bound 
exciton transitions as observed in the undoped samples, now broadened due 
to the larger impurity content. It can be noted by comparing the upper 
and lower figures that only small differences exist between spectra taken at 
dislocations and at the crystal matrix. Larger differences are found when 
spectra from the as-grown samples (figs. 8c and 8e) are compared with those 
form the annealed ones (figs. 8d and 8f). It is seen that the contributions 
of (d,X) and (A0,X) are strongly present in the annealed samples, whereas 
the as-grown samples show a larger contribution from the donor-related 
transitions. 
It can be concluded that the spectral differences between crystal ma­
trix and dislocated areas and between as-grown and annealed samples are 
much less marked for the Cr-doped samples compared to the undoped ones. 
Furthermore, the PL-intensity increase after annealing, which can be noted 
from the multiplication factors given in the figures, is again seen to be less 
drastic for the Cr-doped samples relative to the undoped ones. 
In the quantitative comparison of the PL-intensity differences between 
all samples some arbitrariness is introduced due to the randomly selected 
areas of investigation. Therefore we performed some extra experiments 
with an unfocused Аг+ laser beam at a power density of « 4 W/cm2. The 
corresponding photoluminescence signals now contain the averaged contri­
bution of dislocated and matrix regions on a large area. Using this 50 times 
lower excitation density the bound exciton transitions are hardly present, 
and the donor-acceptor (D0,A0) recombinations at 1.490 eV, with CAS as 
acceptor, predominate. In table 3 the PL-intensities of the latter transi­
tion are listed. Although quantitatively the differences between samples of 
different doping content and heat treatment are not exactly the same as 
for the local measurements of the near band-gap PL-intensities, the general 
trend is the same: Annealing of the samples causes an overall increase of 
the photoluminescence intensities, most strongly for the undoped sample 
(about two orders of magnitude), and less drastically (about one order of 
magnitude) for the Cr-doped ones. 
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For clarity it should again be noted that in all cases where "disloca^ 
tions" are being referred to, in fact cell walls of grown-in dislocations are 
meant. The stress-induced glide dislocations, shown in figs. 4a and 4b, 
did not yield any observable photoluminescence contrast within the spatial 
resolution of 15 /¿m used. 
as-grown 
annealed 
undoped 
1 
195 
0.005% Cr-doped 
1.3 
11.4 
0.05% Cr-doped 
1.4 
12.5 
Table 3. Relative photoluminescence intensities at 4.2 К of 
the (D 0, A0) recombinations at 1.490 eV, obtained using an 
unfocused Ar+ laser beam at Л = 488 nm with a power 
density of 4 W/cm2. 
Photoluminescence spectra were also recorded for the annealed, un­
polished samples. Whereas no remarkable differences were found in the 
photoetching patterns compared to the polished samples, the PL signals 
were an order of magnitude weaker, probably due to enhanced surface re­
combination effects. For this reason, these crystals were not investigated 
further. 
4. Discussion of results. 
The experimental results, described in section 3, may be summarized 
as follows. All samples show a decrease of photoetching contrast after an­
nealing, with no essential difference between undoped and Cr-doped sam­
ples. It was shown that this decrease of contrast was due to local changes 
at the dislocations and their surroundings, and not to changes of overall 
material properties. On all samples an increase of photoluminescence in­
tensity after annealing was found for both matrix and dislocated areas. The 
effect was the strongest for the undoped samples, and somewhat smaller 
for the Cr-doped ones. Furthermore, from the spectra of the undoped, 
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as-grown material it is seen that dislocation cell walls contain a higher con-
tribution of acceptor-bound excitons and the (d,X) transition at 1.5116 eV 
as compared to the crystal matrix, where donor-bound excitons are domi-
nating. The same spatial differences were found to exist on the undoped, 
annealed sample, where the (d,X) transition was predominantly present 
at dislocated areas. It may therefore be concluded that dislocations and 
their surroundings have a local p-type character relative to a more n-type 
character of the crystal matrix. Moreover, it was found that the annealed 
samples have become more p-type relative to the as-grown ones, both at the 
crystal matrix and at dislocations. In addition, they show a (d,X) emission 
at 1.5116 ± 0.0003 eV, most strongly at dislocations. 
Spectral differences between as-grown and annealed samples were also 
observed for the Cr-doped crystals, although the near band-gap photolumi-
nescence consisted of a broad emission band in which the above-mentioned 
transitions were not detected separately. Nevertheless, the annealed sam-
ples showed an enhancement of the "lower energy" part of the spectrum, 
which can again be interpreted as a stronger contribution from acceptor-
bound excitons and the (d,X) transition relative to donor-bound excitons. 
In finding an adequate defect model for the explanation of the above 
phenomena, one is faced with a large number of possible defects of varying 
complexity. Firstly, the Frenkel and Schottky equilibria should be prop-
erly coupled to the equilibria of other more complex native defects (for 
instance EL-2) and secondly the defects related to non-native impurity 
atoms, of which the nature and concentrations are in general unknown in 
semi-insulating GaAs, must be accounted for. In order to verify such (more 
or less complete) models, it would be necessary to carry out a systematic 
variation of the LEG growth parameters, where special attention should be 
given to stoichiometry, and to employ a large variety of characterization 
techniques. Since this is out of the scope of our study, we can only put 
forward some general considerations by which, however, all results of our 
experiments can be explained. 
4-1. The role of excess As. 
First of all we like to emphasize the role of stoichiometry in the defect 
chemistry of bulk undoped GaAs. The conduction type and the charge car-
rier concentration for instance, are determined by the stoichiometry of the 
melt. It wets shown by Holmes et al. [19] that a critical As-concentration 
exists below which the ingot material is p-type due to the incorporation of 
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residual acceptors, and above which these acceptors are compensated by 
EL-2, resulting in semi-insulating material of type n. For their experiments 
the critical As-fraction in the melt was equal to 0.475. Closely related to sto-
ichiometry is the formation of precipitates. It was shown by several authors 
[20-25] that precipitates are almost always present in bulk, semi-insulating 
GaAs. Precipitates may be present in the crystal matrix, but most of 
them are formed on dislocations (so-called decoration precipitates), as was 
shown in ref. [26]. Although there still exists some controversy regarding 
their atomic structure, most authors agree that As-precipitates predomi­
nate in semi-insulating LEG GaAs [22,25,27,28]. By comparison of AB etch 
features with High Resolution Infrared Tomography (HRIT) images Suchet 
et al. [27] succeeded in differentiating between precipitates containing pure 
As-atoms, and those consisting of As-atoms and impurities. From Trans­
mission Electron Microscopy (ТЕМ) experiments, combined with Energy 
Dispersive X-ray Spectroscopy (EDXS), it was concluded by Bourret et 
al. [28] that all precipitates in their material consisted of As-atoms, mostly 
in the form of hexagonal As, sometimes as elemental As of unknown struc­
ture. In a recent paper [29] the formation of precipitates as a function of 
the LEG growth parameters was studied, leading to the conclusion that 
predominately As-precipitates are formed during the post-growth cooling 
process when their solubility limit is passed. For As-rich growth conditions, 
which are in fact normally used in LEG growth of semi-insulating GaAs, 
As-precipitation will almost always occur, especially at dislocation sites, 
which act as preferential nucleation centers [26]. 
Since As-precipitates are formed during the post-growth temperature 
lowering, it is essential to consider the cooling rate used. For low cooling 
rates precipitate formation will occur, most probably via diffusion of inter­
stitial arsenic atoms (As¡), of which long-range migration properties were 
discovered already at temperatures as low as 220°С [30]. For high cool­
ing rates, however, the high temperature equilibria will be frozen-in. The 
samples used in our experiments were grown under a temperature gradient 
of 100oC/cm at a pulling rate of 1 cm/h. The corresponding temperature 
lowering of 100oC/h is an intermediate cooling rate for which precipitation 
did indeed occur, as can be seen in the DSL picture of fig. 9, where shallow 
pits caused by decoration precipitates are present on the dislocation-related 
etch patterns. On the other hand, it is probable that this cooling rate is 
still large enough to be able to freeze-in a significant amount of Asj. 
It is interesting to note that the cooling rate also manifests itself in 
the process of dislocation formation. It is known that for large temperature 
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SOflm 
Fig. 9. Interference contrast microscope picture, obtained 
after deep DSL photoetching, showing dislocations deco-
rated by precipitates. 
gradients and high pulling rates stress-induced glide dislocations are pre-
dominantly formed, whereas for smaller gradients and pulling rates grown-
in dislocations with extended impurity atmospheres dominate [3,4]. Both 
types of dislocations are indeed present in our samples (figs. 4a,b), which 
is in accordance with the intermediate cooling rate used. 
4-2. Interpretation of the photoluminescence results. 
The higher PL-intensities found at dislocations and their surroundings 
for as-grown material may be explained as follows. During the post-growth 
cooling period precipitation of excess As-atoms, which may be present in 
the form of arsenic interstitials Asi, antisites ASQ», or any As-related com-
plexes, will take place preferably at dislocation sites, which is in accordance 
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with the arguments given in ref. [29]. This process leads to the creation of a 
zone denuded of excess As-atoms. It ia now assumed that the PL-contrast 
is mainly controlled by the absence or presence of excess As-related com­
plexes acting as non-radiative luminescence killer centers. We will call these 
centers As-X. It has indeed been shown by Electron Paramagnetic Reso­
nance (EPR), thermal annealing and photoluminescence studies [31] that 
AsQa-related, deep non-radiative complexes control the near band-gap PL 
intensity in GaAs. Since all the defect reactions are coupled at the growth 
temperature and since these complexes are created out of excess As atoms, 
their concentration will lower when the As concentration decreases due to 
the formation of precipitates. In this way the formation of precipitates will 
lead to higher PL-intensities at dislocations and their surroundings. 
The above reasoning can also be used to explain the observed p-type 
character of dislocations relative to the crystal matrix found for all samples. 
Since an excess of As-atoms at the growth temperature leads to n-type 
material [19], their precipitation at a dislocation site will leave behind a 
region with a more p-type character. 
The observed changes of PL-properties after annealing in the MOCVD 
reactor, summarized at the beginning of this section, may be explained as 
follows. Since all samples were found to be relatively p-type after annealing, 
it is likely to assume that one or more deep donor complexes controlling 
the compensation of the material (which might be EL-2, according to the 
mechanism proposed by Holmes [19]) have been inactivated by the anneal 
process. This inactivation process could have proceeded via the release of 
As atoms contained in the complex, followed by their migration through 
the GaAs lattice. These As atoms may then precipitate at nucleation sites, 
which are predominantly found at dislocations. This process causes the 
observed enhanced p-type character of the annealed samples relative to the 
as-grown ones. 
Since the anneal temperature used in our experiment (800°C) is rel­
atively low, most probably the solubility limit for the re-dissolution of al­
ready formed As-precipitates was not reached, but the above-mentioned 
additional precipitation of excess As-atoms could still occur during the 
anneal experiment. This argument is supported by the experiments of 
Kitagawara et al. [32] where a critical temperature for the re-dissolution 
of As-precipitates of Τ = 1050oC was reported. The formation of new 
precipitates during annealing, however, can still occur at much lower tem­
peratures due to the the already mentioned high mobility of interstitial As 
atoms [30]. 
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Since the ratio of bound-exciton recombinations relative to other tran-
sitions is very sensitive to the presence of deep, non-radiative centers, the 
very strong increase of the near band-gap luminescence at dislocations in 
the undoped sample is indicative for a locally enhanced free carrier life 
time after annealing. The most probable and simple explanation for this 
enhancement (compare figs. 8a and 8b), is the inactivation of the As-X lu-
minescence killer centers and the corresponding extra As-precipitation due 
to annealing, taking place preferably at dislocations, which act as nucle-
ation centers. 
The novel photoluminescence peak at 1.5116 eV in the spectra of the 
undoped samples (figs. 8a and 8b), which increased strongly after anneal-
ing, cannot be attributed to recombinations of donor- or acceptor-bound 
excitons (energies: 1.5122-1.5141 eV [18]). Although some controversy ex-
ists concerning the exact identification of the excitonic transitions with 
E < 1.5122 eV (see, for instance, ref. [33]) these lower energy emissions, 
which were firstly found in MBE-grown GaAs [34-37], are mostly ascribed 
to defect-induced bound excitons, (d,X). On the base of variation of the 
As-source (Asa/As^) the defects involved were believed to be stoichiometry-
related complexes. Defect-induced bound excitons in MOCVD GaAs have 
been investigated by Roth et al. [38] as a function of the [АзНз]/[ТМС] in­
put ratio. For a high V/III ratio ([АаНз]/[ТМС] = 24) the "conventional" 
(D^X) and (A0,X) peaks are the strongest ones in the PL-spectrum. For 
lower AsHs input concentrations ([AsHaJ/fTMG] = 9), however, these 
peaks have almost disappeared and the dominating emission is found at 
1.5114 eV. The reported disappearance of the donor- and acceptor-bound 
excitons and the emergence of the 1.5114 eV peak for the latter growth con­
ditions resembles the differences found between the as-grown and annealed 
samples (figs. 8a and 8b) in our experiments, where an identification of our 
peak at 1.5116 ± 0.0003 eV with the MOCVD-peak at 1.5114 eV is made. 
It is therefore tempting to use the above findings as a further affirmation of 
our lines of thought, namely that annealing at 800°С leads to a consump­
tion of excess As-atoms and the corresponding As-X photoluminescence 
killer centers, taking place preferably at dislocations. Furthermore, it may 
be proposed that, parallel to the inactivation of the As-X center, a new, 
unknown defect which has a strong coupling to excitons, is created by an­
nealing which is evidenced by the strong emergence of the ^,Χ) transition. 
As a final remark to the comparison of the above-mentioned MOCVD spec­
tra with our results, it is interesting to note that the shoulder at 1.5103 eV, 
which was found at dislocations, and not at the crystal matrix (fig. 8b), 
is also present in the MOCVD spectra of ref. [38]. Again, this peak was 
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rather pronounced for low AsHa concentrations, but hardly discernible for 
high [АяНз]/[ТМС] input rates. 
The fact that for the Cr-doped samples the before-mentioned phe­
nomena (increase of PL intensity after annealing, p-type character of dis­
locations, etc.) are less pronounced than for the undoped ones may be 
explained by the fact that the intrinsic defect equilibria are "frozen in" by 
the high extrinsic defect concentration in the Cr-doped samples. Since the 
Cr-concentrations are rather high (« 6 χ IO18 and 6 χ IO19 cm - 3 ) , most 
probably also the diffusion of interstitial As, taking place during precipi­
tate formation, is hindered by the extra Cr atoms present on interstitial or 
substitutional sites in the G a As lattice. 
Although it is not certain that the inactivation of non-radiative As-X 
centers and the corresponding As precipitate formation is the only process 
leading to PL contrast, the given explanations are straightforward, based 
on only a few assumptions and consistent with all experimental results. By 
using Selective Pair Luminescence (SPL) Molva et al. [39] have shown that 
fluctuations of both the concentrations of shallow donor-acceptor pairs and 
of non-radiative luminescence killers gave rise to the observed PL-contrasts 
in their samples. Since in our experiments no SPL measurements were 
performed, we cannot draw defínite conclusions concerning variations of 
shallow impurity concentrations in our samples. However, on the basis 
of the very marked increase of bound-exciton luminescence intensity after 
annealing, together with the strong fluctuations across the sample, it is 
most probable that the distribution and anneal properties of non-radiative 
PL-killer centers are more important than those of the shallow impurities. 
4.8. Additional deep-level photoluminescence results. 
Although it was postulated above that the luminescence killer cen-
ters, named As-X, are related to an excess of As-atoms, no definite defect 
assignment has been given. One of the possible candidates is of course EL-
2, which is generally believed to be a complex involving ASQ» anti-sites. 
In the light of the present experimental results it might seem reasonable 
to establish a direct coupling between EL-2 and the unknown PL killer 
center As-X, because in that case both the η —» ρ conversions and the en­
hancement of the PL-intensities after annealing could be explained by the 
disappearance of the same center. However, some problems will arise when 
making such a one-to-one identification. On the basis of IR-absorption and 
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x-ray topography measurements it has been reported [40-42] that high EL-
2 concentrations exist at dislocation cell walls. Since in our experiments 
the PL-intensity was found to be high at these positions the corresponding 
concentration of the As-X centers should be low, so it is most likely that no 
direct coupling with EL-2 can be made. It should be noted however that 
the spatial resolution obtained with the above techniques equals ta 100 μτη 
[41], so it is still possible that on the smaller scale of 15 μτη (resolution 
of our PL-experiments) some EL-2 depletion is present in areas close to 
dislocations. 
In order to study the problem in more detail, deep level photolumi­
nescence spectra were recorded for the undoped crystals. The broad lu­
minescence band centered around 0.65 eV, which is generally attributed 
to EL-2 [30], was detected at both the as-grown and the annealed sample. 
The spectra are shown in fig. 10. Both spectra were recorded under ex­
actly the same PL-conditions. It is seen that the EL-2 luminescence has 
become about a factor 2 stronger for the annealed sample compared to 
the as-grown one. Furthermore, the luminescence at 0.80 eV, although not 
found as a separate peak in our samples, has been reduced after annealing. 
It has been reported [43,44] that the 0.80 and 0.65 eV luminescence peaks 
are complementary and, moreover, that the 0.80 eV level acts as a "near 
band-gap luminescence killer" controlling the free carrier life-time [45-48]. 
By this it is meant that samples with strong near band-gap luminescence 
intensity show a weak 0.80 eV peak and vice-verse. This is confirmed by 
our experiments. It is indeed seen in the spectra of fig. 10 that the low 
energy tails have exactly the same shape for both samples, whereas at the 
high energy side the 0.80 eV emissions are stronger for the as-grown sam­
ple (weak near band-gap PL) compared to the annealed one (strong near 
band-gap PL). 
For further investigation the temperature dependence of the PL-
intensity of both emission centers was recorded. The results are shown 
in figs. 11a and l i b . For the 0.65 eV level no basic changes of the tem­
perature dependence after annealing is observed (fig. 11a), whereas for the 
0.80 eV emission (fig. l ib) not only the intensity has decreased by an­
nealing, but also its temperature dependence has altered radically. These 
results lead to the conclusion that the material changes induced by anneal­
ing are coupled to defects responsible for the 0.80 eV luminescence. This 
behavior, added to the knowledge that an increase in near band-gap PL 
intensity is coupled to a (small) increase in the EL-2 emission at 0.65 eV 
leads once more to the conclusion that EL-2 is not directly related to the 
As-X centers. This vision is supported by the DLTS experiments of Asom 
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Fig. 10. Deep level photoluminescence spectra of the un-
doped as-grown and undoped annealed sample, showing the 
EL-2 peak centered around 0.65 eV. Spectra were recorded 
at 4.2 K, using an unfocused Ar+ laser (Λ = 488 nm) with 
a power density of 16 W/cm2. The PL-intensity of the an­
nealed sample was normalized to 1; the spectrum of the as-
grown sample was multiplied by 1.85. Base Unes correspond 
to zero PL-intensity. 
et al. [49], where only minor changes in EL-2 concentration were found for 
anneal temperatures < 950oC. The precise origin of the 0.80 eV emission 
band is still unclear, but its intensity was shown to increase as a function of 
the As-concentration in the melt [50]. This result is clearly in accordance 
68 
Chapter S: Microstructure changes after annealing 
20Q ι ' 
150 
с 
.E 100-
I 
50 
* ' ' * • ' * ' • 
0.65 eV 
••••• as-grown 
ooooD annealed 
Ο- Ι Ι Ι Ι Ι Ι Ι Ι Ι | 111111111111111111111 Ι Ι Ι I I 1111111111111 • 
Ο 20 40 60 80 100 
temperature (Κ) 
30 
·~ 20Η 
m 
с 
0) 
Ч-» 
с 
"ι 
_ J 
OL 
10 
• • 
0.80 eV 
••••• оя-grown 
OQDOo annealed 
Ο- ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι 
20 40 60 
temperature (Κ) 
80 
Fig. 11. Temperature dependence of deep level photolumi­
nescence for the undoped samples. Signals were recorded 
using an unfocused Ar+ laser (Λ = 488 nm) with a power 
density of 16 W/cm2 
(a) EL-2 emission band at 0.65 eV; 
(b) 0.80 eV emission band. 
Chapter S: Micro structure changée after annealing, 
with our proposition that the main photoluminescence killer center is an 
excess As related defect. 
4-4· Interpretation of the photoetching resulte. 
It is well established that the DSL etching velocity is correlated to the 
availability of photo-generated carriers at the crystal surface [51]. For in-
tentionally doped η-type or p-type material the observed etch features have 
been explained by the postulation of enhanced concentrations of recombina-
tive centers at the defects, by which the number of available carriers in the 
etching mechanism is locally diminished [52]. For semi-insulating material, 
however, the formation of etch features depends on the delicate balance 
between residual shallow n- and p-type impurity atoms, electron and hole 
traps, and deep recombinative centers. The formation of depressions due 
to higher etching velocities at dislocation sites may be explained by locally 
enhanced free carrier concentrations at these regions [53], which is in ac­
cordance with the observed increase of the near band-gap PL-intensity at 
dislocation cell walls. Although this seems to be a reasonable assumption 
to explain the etch features qualitatively, some problems arise at the in­
terpretation of the smaller photoetching contrast observed after annealing 
(section 3.1). In the preceding sections it was proposed that the effect 
of annealing is to decrease the concentration of the As-X PL-killer center 
through the precipitation of excess As, preferentially at dislocation sites. If 
it would be argued that the concentrations of all deep centers decrease by 
annealing, no explanation of the observed weaker photoetching contrast can 
be given, since a local increase of recombinative centers should be inferred 
to explain the locally lower etching rates after annealing. We therefore 
propose that the photoetching rate and the free carrier life time (and the 
corresponding near band-gap PL intensity) are controlled by two different 
deep centers, which exhibit opposite behavior under thermal treatment. 
The deep center controlling the photoetching contrast may tentatively 
be coupled to the defect responsible for the (d,X) exciton at 1.5116 eV 
described in section 4.2. As was already mentioned, the increase of the 
near band gap photoluminescence intensity after annealing is accompanied 
by a shift from (D0,X) recombinations to (A0,X) and (d,X) transitions. 
For the undoped, annealed sample the (d,X) transitions even dominate the 
spectra (see fig. 8b). The corresponding unknown defect, of which the 
creation is obviously favored at As-poor conditions, may be proposed to 
be the deep center controlling the photoetching rates. Its enhancement by 
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thermal annealing, preferentially at dislocation sites, can thus serve as an 
explanation for the observed locally lower photoetching velocities on the 
annealed samples. 
Although the suggested common origin of the center causing the (d,X) 
emission and the center controlling the photoetching contrast may sound 
reasonable, it should be kept in mind that the interaction between the G a As 
crystal and the HF/СгОз solution is a surface process. Therefore, the dis­
solution of the G a As surface induced by the injection of holes from the 
etchant will strongly depend upon surface phenomena like band-bending, 
caused by the interaction potential of the semiconductor-electrolyte inter­
face [54], and cathodic protection arising when small fluctuations of the 
charge carrier concentration (e.g. p/p+ profiles [52]) exist at the crystal 
surface. Since the relative importance of these phenomena, compared to 
the mechanisms for creation and annihilation of photocarriers, is basically 
unknown, no definitive explanation for the observed photoetching patterns 
after annealing can be given at this stage. However, it is evident that the 
mechanisms controlling the photoetching and photoluminescence contrasts 
are not similar. This is furthermore clear since the enhancement of the PL 
contrast and intensity by annealing was shown to be strongly dependent on 
the Cr-content, whereas the changes in DSL contrast were not influenced 
by the presence of Cr. Moreover, the PL results could be explained by the 
annihilation of the main non-radiative luminescence killer center by anneal­
ing, but in order to clarify the DSL results (i) the increase in concentration 
of a deep center (probably related to the novel (d,X) emission) controlling 
the etching rate at dislocation sites should be inferred or (ii) an explana­
tion should be given on the base of surface phenomena like band-banding 
or cathodic protection. 
5. Summary and conclusions. 
Spatially resolved photoluminescence and DSL-photoetching were per­
formed on LEG GaAs crystals. Undoped and Cr-doped samples were in­
vestigated. The influence of thermal treatments on the photoluminescence 
and photoetching contrasts was studied by annealing the samples during 2 
hours in an MOCVD reactor at 800oC under AsHa flow. 
An increase of photoluminescence intensities and an alteration of the 
spectra was observed after annealing. Moreover, spectra taken at dislo­
cated areas, where the PL-intensity was high relative to the crystal matrix, 
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were substantially different compared to those from the crystal matrix. 
Acceptor-bound exciton recombinations, (A0,X), were found to be strongly 
present at dislocations, whereas donor-bound excitons, (D0,X), were dom­
inating at the crystal matrix. Furthermore, a novel emission for LEG ma­
terial at 1.5116 ± 0.0003 eV was recorded, most strongly for the undoped 
annealed sample. The same enhancement of this emission and of (A0,X) 
transitions relative to (D0,X) recombinations was found for the annealed 
samples compared to the as-grown ones. 
These experimental results were explained by the dissociation of ex­
cess As related photoluminescence killer centers, As-X, upon annealing. 
This is assumed to be followed by diffusion of the mobile As atoms toward 
dislocations and the formation of precipitates leading to regions around 
dislocations which are depleted of excess As atoms. Regions of p- and 
η-type character were associated with low and high concentrations of ex­
cess As, respectively. The novel emission for LEG GaAs at 1.5116 eV was 
ascribed to the defect-induced bound exciton, (d,X), reported in ref. [38] 
for MOGVD-grown GaAs at As-poor growth conditions. On the basis of 
deep-level photoluminescence spectra it was concluded that EL-2 (which 
is also enhanced at As-rich conditions) cannot directly be coupled to the 
above-mentioned As-X center. The deep center associated with the 0.80 eV 
emission band, however, could be identified as related to the killer center 
since its PL-intensity was found to be anti-correlated to the near band-gap 
intensity. 
The fact that all annealing-induced changes regarding photolumines­
cence were less marked for the Gr-doped samples compared to the undoped 
ones was ascribed to the "freezing-in" of the intrinsic defect equilibria by 
the presence of the high Cr-concen trat ions. 
Quantitative comparison of the photoetching patterns on the differ­
ent samples showed a decrease of contrast after annealing, independent of 
the doping content. This could be attributed to a local increase of deep 
centers controlling the photoetching rate. The behavior of these centers in 
the anneal process is anti-correlated to that of the near band gap lumines­
cence killer center. Therefore they were tentatively coupled to the defect 
responsible for the (d,X) emission, which showed the same anti-correlation. 
The model following from our study can shed some light upon the 
seeming controversies found in the literature regarding the changes of ma­
terial properties of semi-insulating LEG GaAs after thermal treatments. 
Indeed, it was reported (see, for instance, ref. [55]) that type conversions 
may or may not occur after annealing, photoluminescence contrasts may 
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be enhanced or even reversed and a decrease as well as an increase of PL-
intensities after annealing may occur. Using the concept of As-precipitate 
formation and dissolution, and the corresponding consumption and creation 
of excess As-related complexes, these contradicting results may be eluci­
dated. Following the lines of thought used throughout this work, we argue 
that an increase of photoluminescence intensity and a shift toward a more 
p-type character will occur whenever excess As-atoms can form precipitates 
and leave behind a more stoichiometric region depleted of non-radiative lu­
minescence killer centers. The opposite, a decrease of PL-intensity and 
creation of relatively η-type regions, will occur whenever already formed 
precipitates can dissolve and supply extra As-atoms to the G a As lattice. 
From these considerations it follows that the thermal history of the sam­
ples, the stoichiometry of the melt and the exact anneal conditions play 
a crucial role. For instance, a decrease of photoluminescence intensity at 
dislocations, which is opposite to our results, would be obtained for higher 
anneal temperatures (T > 1000oC) and rapid quenching, by which precip­
itates will dissolve and the high temperature equilibria be frozen in. 
The results of our study may be relevant to the question whether 
und oped or Cr-doped crystals should be used for device fabrication. As 
weis mentioned in the introduction, it is not necessary anymore to add 
Cr in order to obtain the semi-insulating character. However, the anneal 
behavior of both types of material is remarkably different. For the as-grown 
samples the photoluminescence properties (intensity and homogeneity) and 
photoetching behavior were found to be roughly equal for undoped and Cr-
doped samples. After annealing, however, a considerable increase of the 
PL-intensity occurred for the undoped sample, but not for the Cr-doped 
ones. Therefore it might be argued that whenever long free carrier life­
times are important for device performance, they can easily be obtained by 
a simple thermal treatment of undoped material. However, high intensity 
contrasts were also present in this material since the enhancement of PL 
efficiency occurs mainly at dislocated areas. Therefore, whenever stability 
of the spatial homogeneity upon (low temperature) thermal treatments is 
desired, the preference might be given to Cr-doped samples. 
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Chapter 4 
Photoluminescence microtomography of dia­
mond. 
W.J.P. van Enckevort and E.P. Visser. 
Abstract. 
The three-dimensional distribution of various types of point defects in di­
amond crystals has been investigated by means of new photoluminescence 
tomographic techniques. In relatively perfect, natural, yellow diamonds 
the zoned distribution of blue luminescent N3 and blue-green luminescent 
463.0 nm centers was mapped. Brown, plastically deformed diamonds ex­
hibited striated, green H3 luminescence patterns coinciding with slip lines. 
In mixed habit natural diamonds it was found that in contrast to the {111} 
growth sectors, the {100} sectors showed both green and near-infrared lu­
minescence. Photoluminescence spectroscopy at 4, 77 and 300 К estab­
lished that this luminescence is introduced by vibronic systems with zero 
phonon lines at 497.0, 489.5 and 700.6 nm. Finally the distribution of red 
and infrared luminescent nitrogen-vacancy pairs in synthetic diamonds is 
described. 
Philosophical Magazine, in press 
79 
Chapter 4' Photoluminescenee microtomography of diamond. 
1. Introduction. 
Since the series of papers by Moriya and Ogawa [1-4] on the characteri­
zation of defects in quartz crystals by laser light scattering tomography, this 
method has become a technique of increased importance in investigations 
of defect structures in crystals. Examples are the imaging of precipitates 
in G a As [5-7], CdTe and InP [8] crystals, of slip bands, dislocations and 
nitrogen platelets in diamond [9] and of decorated helical dislocations in 
garnet [10]. In a recent paper [11] it was reported that the same tomo­
graphic method can also be used to image the distribution of luminescent 
point defects instead of light scattering centers. In this manner it was found 
that the distribution of red luminescent nitrogen-vacancy pairs in synthetic 
diamonds correlates well with the local variations in nitrogen impurity con­
tent. 
Diamond is a material that is rich in different types of defects that 
luminescence in the visible and IR region. The most extensively studied 
are the infrared luminescent Grl center [12], the red 1.945 eV center [13], 
the green H3 center [14,15], the blue N3 center [15,16] and the green H4 
center [14,15]. These are made up of a vacancy paired with respectively 
0, 1, 2, 3 and 4(?) substitutional nitrogen impurity atoms. The vibronic 
absorption and luminescence spectra related to these defects have been 
described by several authors [17-19]. 
In 1944 Raman [20] imaged macroscopic photoluminescence patterns 
in diamond cleavage plates. In the present study the distribution of pho­
toluminescence in diamond has been mapped in three dimensions, with 
microscopic resolutions down to one or a few micrometers. This was real­
ized by the application of newly developed photoluminescence microtomo-
graphic techniques. The results are used to gain a deeper insight in the 
defect structure and formation history of natural and synthetic diamond 
crystals. 
2. Experimental. 
£.1. Visible light luminescence tomography. 
In the conventional arrangements for laser light scattering 
(micro-)tomography, a beam of laser light about 20 μπι wide is scanned 
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глгозз a specimen crystal block. The use of a narrow beam minimizes per­
turbing stray radiation caused by scattering from the specimen surfaces. In 
the case of photoluminescence tomography, the incident beam differs from 
the "scattered" beam in wavelength and can be filtered out by means of a 
high frequency cut-off filter. Therefore, stray radiation does not interfere 
and a different geometry with a planar, extended beam of light was used 
to excite the luminescence. 
1 
NDT DRAUN ΤΠ 
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Fig. 1. Experimental arrangement for visible light lumines­
cence tomography. 
The experimental set-up is shown in fig. 1. A 50 Watt high pressure 
mercury light arc is projected on a slit of dimensions 25 χ 1000 μιη 2 . The 
illuminated slit is again projected in a well polished diamond block of several 
mm
3
. In this manner luminescence is only excited in a plane about 25 μιη 
thick. Light emitted from this plane is imaged on a photographic film via an 
81 
Chapter 4: Photolumineacence microtomography of diamond. 
optical microscope. To obtain clear micrographs long exposures (102-103 s) 
and high speed emulsions (1-5 χ IO3 ASA) are required. 
The advantages of the present technique with respect to cathodolu-
minescence topography [21,22] are: (i) A three dimensional mapping of 
the distribution of luminescent defects is achievable, since one is not con­
fined to the crystal surface, (ii) Different types of luminescence centers 
can be excited separately by changing the wavelength of the incident light 
beam with the help of interference filters. Compared to conventional pho­
toluminescence microscopy [23], the present method produces better image 
contrast and detail, since overlapping from out-of-focus images is avoided. 
fig. 2a shows an image of a natural diamond in N3 (415 nm) light, obtained 
by a conventional luminescence microscopic technique. Fig. 2b gives an 
image created by the present method. The improvement in contrast and in 
image detail can be seen clearly. 
2.2. Light scattering and IR photolumineacence tomography. 
For photoluminescence tomography in the near infrared, use was made 
of an experimental set-up which is identical to that described in previous 
work [9,11], except for the detection system. The essentials are that a He-
Ne laser beam (Λ = 632.8 nm), focused to a width of » 20 μιη, traverses 
a diamond block through two plane-parallel, well-polished windows. The 
luminescent or scattered light is observed through a third window perpen­
dicular to the other two with a VIS /near infrared sensitive newvicon camera 
mounted on an optical microscope. This light is imaged as a bright line on 
the monitor connected with the video camera. The defect distribution in a 
plane parallel to the third window is mapped by scanning the laser beam in 
the crystal and simultaneously recording the translation of its "monitored" 
line image on a photographic film. 
For imaging the spatial variation of IR luminescence intensity, an IR 
long pass filter (A
cu
t off ^ 750 nm) is placed in front of the newvicon tube. 
This avoids interference from elastically scattered He-Ne laser light. When 
the distribution of elastically scattered light is to be examined, a VIS short 
pass filter (A
cu
t off <** 675 nm) is used to block the luminescent IR light. 
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Fig. 2. Optical images of the distribution of defects in a 
planar section of a natural type la diamond specimen block, 
obtained by different methods: 
(a) Conventioneil fluorescence microscopy, Лехс = 365 nm; 
(b) Luminescence tomography, Л
е х с
 = 365 nm; 
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fig. 2 (continued) 
(c) Laser light scattering tomography; 
(d) Luminescence tomography, Aexc = 436 nm. 
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2.S Photoluminescence spectroscopy. 
To identify the different types of point defects imaged by the tomo­
graphic methods, photoluminescence spectra were recorded. Red and in­
frared luminescence spectra were measured in the same manner as described 
in ref. [11], using a 1 Watt continuous laser as excitation source. Light in 
the near infrared and red region (600-950 nm) was detected by means of an 
LN cooled SI photomultiplier tube. IR radiation in the wavelength interval 
800-2750 nm was measured with an LN cooled InAs detector. 
The luminescence spectra in the blue/green range were measured by 
a different arrangement. Filtered mercury UV light (A = 366 nm or 
Λ = 436 nm) was used as an excitation source. Spectra were recorded with 
the aid of an f3.5 single grating monochromator (resolution: 0.5 nm) com­
bined with a room temperature multi-alkali photomultiplier tube. 
The specimen crystals were kept at 4.2 K, 80 К or at room temperar 
ture in a conventional cryostat. The spectra have not been corrected for 
instrumental response. 
Transmission IR spectra were measured by means of a Fourier-
transform infrared spectrophotometer fitted with a beam condensor for 
the investigation of small specimens. 
2.4- Specimen selection and preparation. 
To select crystals for investigation, several batches of prepolished nat­
ural type la diamonds were illuminated by a mercury UV lamp and the 
most luminescent (blue and green) ones were picked out. From the same 
batches some mixed habit crystals [24] were sorted out by examination for 
the occurrence of 001 growth sectors with the help of optical birefringence 
microscopy [25]. The synthetic diamond was chosen ad libitum. 
All the specimen crystals were carefully polished to rectangular blocks 
of about 2 x 1 x 1 mm3. 
3. Results and discussion. 
S.l. Growth zoning in natural diamonds. 
Fig. 2 demonstrates the potential of photoluminescence tomography. 
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X,lc = 365 nm 
Τ = 77 К 
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Wavelength (nm) 450 500 550 Wavelength ( n m ) 
Fig. 3. Photoluminescence spectra of the zoned type la spec­
imen shown in fig. 2: 
(a) Excited by 365 nm light, Τ = 77 К; 
(b) Excited by 436 nm light, Τ = 77 К and 300 К. 
By combining this with laser light scattering tomography the different dis­
tributions of several kinds of defects can be imaged in a given crystal vol­
ume. Fig. 2b is a tomograph, which gives the intensity distribution of blue 
luminescence in a type la (Cape yellow) natural diamond. The lumines­
cence was excited by 365 nm UV light. Photoluminescence spectroscopy 
(fig. 3) proved that the blue luminescence is related to the vibronic N3 
system [15,16,18] with its zero phonon line (ZPL) at 416 nm. The intensity 
of this line is strongly reduced due to self-absorption [16]. High resolution 
mapping of the distribution of blue luminescent N3 centers is best achiev­
able by the present photoluminescence technique. Cathodoluminescence 
topography is hardly suited to image the distribution of N3 centers, since 
in most cases the N3 system cannot be excited by electron bombardment 
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[26,27]. If the N3 system is excited, than it can not be distinguished by 
eye or photographic emulsion from the band A system, which emits in the 
same wavelength interval. Since band A luminescence cannot be excited by 
UV light of λ > 225 nm, it plays no role in photoluminescence tomography. 
Application of laser light scattering tomography to the same crystal 
volume as shown in fig. 2b showed that here the abrupt increase in lumines­
cence intensity across a V shaped boundary parallel to {111} corresponds 
to a decrease in intensity of scattered light (fig. 2c). 
The luminescence tomograph in fig. 2d (same area as in fig. 2b) was 
obtained by increasing the wavelength of excitation to 436 nm, so that the 
N3 system cannot be excited. In this case a weak, greenish luminescence 
was observed, which could only be recorded by long time exposure pho­
tography. Spectroscopy at 77 К (fig. 3) showed that the luminescence was 
associated with one or more systems with zero phonon peaks at 463.0 and 
468.8 nm and some phonon side bands in the blue-green wavelength region. 
These centers have so far as we know not been reported in the literature, 
although they were also encountered in another diamond (fig. 6b). Pre­
sumably the peaks are generally obscured by the intense emission from the 
phonon side band of the N3 cerner. The distribution of the optical centers 
related to this luminescence is comparable to that of the N3 centers, except 
that the variations in concentration are considerably larger, as can be in­
ferred from the enhanced contrast variations. In other words, the patterns 
appear more striated. 
In contrast to previous cathodoluminescence studies [22,28], no lumi­
nescence from individual {100} platelets or isolated dislocations was ob­
served during the present investigation. Either the light intensity of exci­
tation was too weak or a valence to conduction band excitation is required 
to make these defects visible. 
One of the major capabilities of photoluminescence tomography is that 
the distribution of fluorescent crystal defects can be imaged throughout 
the whole crystal volume. This allows a search for the initial nucleus of 
a crystal. Fig. 4a shows the growth center of a type la diamond, imaged 
in blue N3 light. For four adjacent {111} sectors, growth zoning 'emitted' 
from a central inclusion can be seen clearly. From the asymmetry of this 
{ i l l } growth band pattern (compare sector A with B) it can be inferred 
that during growth of this crystal the geological environment was spatially 
inhomogeneous on a small scale. This is confirmed by the fact that in 
sector В the individual growth horizons are not uniform but rather show 
an interrupted pattern. 
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Fig. 4. N3 luminescence tomographs (Л
е х с
 = 365 nm) of 
growth band patterns in natural type la diamonds: 
(a) Initial nucleus of crystal growth; 
(b) Step bunching phenomena. 
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Fig. 4b displays the occurrence of a peculiar growth zoning pattern of 
N3 luminescent lines in a non-luminescent crystal volume. The growth band 
pattern in this region and its environment maps the change from growth 
via a non-crystallographic surface to facetted growth via {111} faces. This 
involves the development of "macro-bunches", which in fact are pile-ups 
of lower growth steps [29]. Growth steps have indeed been observed on 
as-grown natural { i l l } diamond faces as reported in ref. [30]. From the 
trajectory of the "macro-bunches" (indicated as a dashed line in the tomo-
graph) it can be inferred that the lateral advancement rate of the bunches 
is low. This indicates that the step advancement rate is low for small 
separations between successive steps. The decrease in step velocity for de-
creasing step distances is confirmed by the shape of the bunches, which 
must result from the type I relationship between step flux and step density 
as described in ref. [31]. A similar imaging of the development and ad-
vancement of macrosteps and bunches was obtained for LPE grown GaAs 
crystals by an etching technique [32]. 
8.2. Mixed habit, natural diamonds. 
The growth of the large majority of natural diamonds was governed by 
planar {111} facets only. At an early stage of their growth history, a small 
percentage of the crystals were also bounded by so-called "cuboid" faces 
[24,28,33]. These are non-planar surfaces of mean {100} orientation. The 
fact that the "cuboid" faces are not facetted indicates that the {100} faces 
of natural diamond grew as K-faces in the absence of surface reconstruction 
[34]. This implies that, in contrast to the octahedral faces, crystal growth 
did not proceed via surface steps but rather by direct attachment of the 
growth units at the crystal surface. The difference in growth mechanisms 
between the octahedral and cubic growth faces suggests that the formation 
of point defects might also have differed between the corresponding growth 
sectors. 
The {100} growth sectors associated with the "cuboid" faces can be 
imaged by several methods, such as etching [24,35], X-ray diffraction to-
pography [24,28], light scattering [9,24], cathodoluminescence topography 
[22,24,28] and UV-absorption topography [28]. For the present investi-
gation specimens were selected with the help of optical birefringence mi-
croscopy: From a suite of slightly more than fifty polished Cape Yellow 
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diamond blocks, five crystals with cubic growth sectors could be picked 
out. 
Characteristic tomographic images of the distribution of photolumi­
nescence in mixed habit diamonds are shown in fig. 5. The wavelength of 
excitation was 436 nm, so that luminescence from N3 defects was avoided. 
The bright dots in the cubic sectors are a result of elastic light scattering 
from inclusions (or precipitates). The occurrence of these features in mixed 
habit diamonds is well known and their properties have been studied ex­
tensively [24,36]. It is interesting that green luminescence is observed in 
the cubic sectors, but not in the octahedral sectors. Figs. 5a and b are to­
mographic images of this luminescence, which have been recorded for two 
mutually perpendicular planes in the crystal as indicated in fig. 5c. Scan­
ning through the whole crystal volume demonstrated that the boundaries 
between the octahedral and cubic sectors are curved and irregular in shape. 
No growth banding could be seen in the cubic sectors. All the five mixed 
habit crystals that were selected revealed green luminescence in their {100} 
sectors. 
To identify the point defect that causes the green fluorescence, photo-
luminescence spectra (A
exc
 = 436 nm, Τ = 77 К and 300 К) were recorded 
for the specimen shown in fig. 5. From the spectra given in fig. 6a it is 
clear that there is a question of a vibronic system with its ZPL at 497.0 nm 
(2.494 eV). The ZPL has been coupled to phonons of hu = 40 meV and a 
Huang-Rhys factor, S, of about 5. The value for S was roughly estimated 
from the position of the maximum transition probability (w 540 nm) with 
respect to the wavelength of the ZPL expressed in the number of phonon 
side bands [18]. This luminescence might be ascribed to the S3 system [37] 
or to a luminescence band reported by Pereira et al. [38] for brown dia­
monds. They reported a vibronic system with a ZPL at 2.490 eV, S = 5.0 
and a maximum in the phonon spectrum at Λω w 40 meV. Since Welbourn 
et al. [39] recently reported the occurrence of the S3 center in non-facetted 
cuboid diamonds, it is suggested that the present green luminescence is 
introduced by the same defect. 
Fig. 6b shows the photoluminescence spectrum of another mixed habit 
diamond. The vibronic luminescence band in this crystal is different, al­
though comparable with, the spectrum in fig. 6a. The ZPL is located at 
489.5 nm (2.533 eV), Ηω fa 50 meV, and S could not be estimated but is 
high. 
Green luminescence in the cuboid sectors of natural diamonds has been 
observed earlier [22] with the help of cathodoluminescence topography. In 
this work the luminescence was attributed to the H3 system. During the 
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Fig. 5. Luminescence tomographs (Л
е х с
 = 436 nm) of a 
mixed habit natural diamond recorded for two mutually per­
pendicular planes (a) and (b) as indicated in the schematic 
representation (c). 
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fig. 5 (continued). 
present photoluminescence study, however, no H3 emission was found for 
the mixed habit crystals. 
Apart from the green luminescence the cuboid sectors also contain 
defects which fluoresce in the red/near-infrared. This was established by 
means of laser scanning luminescence tomography as shown in fig. 7. Fig. 7a 
gives the distribution of IR fluorescence in a mixed habit diamond. The 
absence of a speckle pattern is characteristic for luminescence [11]. Fig. 7b 
is a light scattering tomograph of the same crystal volume with its typical 
speckle pattern. By comparison of both tomographs, it can be seen that 
only the {100} sectors, which show less light scattering than the adjacent 
{111} sectors [9] emit IR luminescence. Neither growth banding nor a 
correlation with the presence of inclusions (precipitates) [24,36] was found. 
92 
Chapter 4'· Photolumineecenee microtomography of diamond. 
Й 
450 500 550 600 
wavelength (nm) 
450 500 550 600 
wavelength (nm) 
Fig. 6. Photoluminescence spectra (Àexc = 436 nm) of two 
mixed habit diamonds recorded at Τ = 77 К and 300 К: 
(a) The same crystal as in fig. 5; 
(b) Another diamond specimen. 
Photoluminescence spectra (A
exc
 = 436 nm, Г = 4.2 К and 300 К) 
associated with the defect in question are displayed in fig. 8. The lumi­
nescence band is characteristic for a vibronic system with a ZPL line at 
700.6 nm (1.770 eV) and Ьш « 38 meV. In contrast to the green lumines­
cence, the electron-phonon coupling is low: S = 1 — 2. The occurrence of 
a zero phonon line at 1.770 eV has been reported in ref. [40], but in this 
study the phonon side bands were found to be located at different positions. 
From high resolution (ΔΑ = 0.08 nm) spectra it was derived that at 4.2 
К the peak at 700.6 nm is a singlet, with a width at half height of 0.8 nm 
(2.0 meV). Upon increasing the temperature the position of the ZPL shifts 
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Fig. 7. Near-infrared luminescence from the cuboid sectors 
in natural diamonds: 
(a) Luminescence tomograph (Л
е х с
 = 632.8 nm); 
(b) Laser light scattering tomograph of the same area as 
in (a). 
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Fig. 8. Red/near-infrared photoluminescence spectra 
(Лехс = 514 nm, Τ = 5, 11 or 300 K) of the same diamond 
as in fig. 7: 
(a) Vibronic system with its ZPL at 700.6 nm; 
(b) Enlarged section of (a) showing the phonon side band 
structure. 
from 700.6 nm at 4 К to 703.6 nm at room temperature. The 700.6 cen­
ter was observed in three different mixed habit crystals. No additional IR 
luminescence systems were found in the wavelength interval 0.7 to 3 /xm. 
The fact that three little known luminescence systems dominate the 
fluorescence behavior of the cuboid sectors of natural diamonds, indicates 
that the point defect structure for these crystal volumes is unusual. This 
suggests that here, apart from nitrogen, another impurity dominates the 
defect structure. A possible candidate is hydrogen. Infrared spectroscopy 
of the mixed habit diamonds revealed large peaks at 3107 c m - 1 [41]. The 
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preferential occurrence of this hydrogen absorption line in the cubic sectors 
of natural diamonds is well established [9,42,43]. 
S.S. Brown, natural diamonds. 
In general, brown, natural diamonds exhibit extended patterns of slip 
bands as was established by polarization microscopy and laser light scatter­
ing tomography [9,44]. Recently it was shown that the variations in brown 
coloration correlate well with the slip band pattern [45]. 
Fig. 9. Luminescence tomograph ( Л
е х с
 = 436 nm) of a 
brownish colored natural type laA diamond. The slip band 
patterns, introduced by post-growth plastic deformation are 
imaged in green H3 light. 
Several brownish crystal blocks were investigated by luminescence to­
mography. Using 365 nm light for excitation revealed a diffuse, non-
localized N3 luminescence distribution as well as a striated yellowish-green 
fluorescence. Verification by stress birefringence microscopy showed that 
the green luminescence is related to the slip band pattern in the crys­
tal. Very clear images of the green luminescent slipbands were obtained 
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by using 436 nm light for excitation, combined with a long pass filter 
(Acut off = 460 nm) for observation (fig. 9). No polarization of this lumines­
cence was observed. Although all the brown diamonds investigated showed 
stress birefringence patterns characteristic of extended arrays of slip bands, 
only some of the crystals emitted the green luminescence. 
a 
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Fig. 10. Photoluminescence spectra of the same brown dia­
mond as in fig. 9: 
(a) Л
е х с
 = 365 nm, Τ = 77 К; 
(b) Л
е х с
 = 436 nm, Г = 77 К and 300 К. 
Luminescence spectroscopy of the crystal in fig. 9 showed the occur­
rence of both the N3 and the H3 (ZPL at 503 nm) systems, when excited 
by 365 nm light, and only H3 luminescence for 436 nm excitation (fig. 10). 
This means that the luminescence emitted by the slip bands is associated 
with H3 centers, which are nitrogen dimers (type A defects) paired with 
vacancies [46]. H3 luminescence emitted from slip lines in other types of 
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diamond has earlier been observed by means of cathodoluminescence topog­
raphy [22]. By this technique only the slip bands emerging at the crystal 
surface could be detected. 
From the infrared absorption spectrum of the specimen imaged in fig. 9, 
it was established that the crystal is almost completely type laA [47], so 
that practically all the nitrogen impurity in the diamond occurs as dimers. 
The concentration of the В type defects [47] is very low. This agrees well 
with the fact that only H3 and no H4 luminescence (which arises from by 
В defect-vacancy pairs [48] was found. 
Since the slip bands extended over the whole specimen volume of the 
crystals in question, it is obvious that the underlying plastic deformation is 
a post growth phenomenon. The occurrence of plastically deformed brown 
crystals without detectable H3 luminescence indicates that this defect is 
not intrinsic to dislocations or dislocation arrays, but must be formed by 
decoration. During this decoration process it is unlikely that complete 
H3 centers, formed elsewhere in the crystals after natural irradiation and 
subsequent annealing, diffuse from unstressed crystal volumes toward the 
dislocations. It is more probable that vacancies are released from these 
H3 centers (H3 —• A + V), move toward the A defects in proximity of 
dislocation lines and associate with them (A + V —• H3). Vacancies are 
mobile at the temperatures (T > 1300) К [49,50] of post growth residence of 
the crystals in the upper mantle. This can be concluded from the fact that 
Grl centers (neutral vacancies) anneal out at temperatures of Τ > 800 К 
[51]. Further, at somewhat higher temperatures an H3 center might release 
its vacancy, which then often pairs with a substitutional, isolated nitrogen 
impurity [52] or diffuses toward a dislocation or leaves the crystal via its 
surface [51,52]. Because no substitutional mono-dispersed nitrogen was 
available in the present crystal, the vacancies diffused toward A centers 
near dislocations, which gives a lowering in stress energy. 
An alternative explanation for the preferential occurrence of H3 centers 
near slip bands is that vacancies are formed in proximity of dislocation lines 
during the process of plastic deformation. These combine with A centers 
and no vacancy diffusion from elsewhere in the crystal is required. Although 
this possibility should not be excluded, it seems to be in conflict with the 
standard models for plastic deformation of crystals, where vacancies are 
neither created nor involved. 
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Fig. 11. Red/near-infrared luminescence tomographs 
{Kxc = 632.8 nm) of a synthetic diamond: 
(a) Recorded by the video method described in this work; 
(b) Different volume in the same crystal, recorded by the 
photographic method described in ref. [11]. 
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8.4. Synthetic diamond«. 
The IR photoluminescence tomograph shown in fig. 11a gives the dis­
tribution of red and near infrared luminescent nitrogen-vacancy (N- V) pairs 
(1.945 eV centers [13,17-19]) in one of the {111} growth sectors of a larger 
sized synthetic diamond. This micrograph was recorded with the help of a 
video camera which is especially sensitive in the wavelength interval 650-800 
nm. No IR cut-off filter was used. Compared to the tomographs obtained 
by the photographic method (fig. l ib) as reported in a previous paper [11] 
the image quality is improved substantially. This is explained by the fact 
that the standard emulsions used have a very low sensitivity for Λ > 650 
nm and thus require very long exposures with all the problems inherent in 
these. The bright spots in both tomographs are a result of light scattering 
from micro-inclusions. 
In fig. 11a, adjacent to a luminescent {111} sector a non-luminescent 
(unidentified) growth sector, denoted as A can be seen. The {111} sector 
itself exhibits a striated distribution of luminescence intensity and thus of 
N-V pairs. Since the local concentration of grown-in N-V pairs is related 
to the local content of nitrogen impurity [11], this growth banding in fact 
reflects fluctuations of nitrogen incorporation into the lattice during crystal 
growth. Probably these variations result from hydrodynamic or tempera­
ture instabilities in the carbon-molten metal system. 
In fig. 11a it can be seen that in the { i l l } sector many growth bands 
are not uniform in luminescence intensity throughout their length. This 
indicates that the incorporation of nitrogen is not the same over a growing 
{111} face. A similar non-uniformity of nitrogen impurity content within 
growth bands can be deduced from the optical absorption topograph in 
ref. [21] for the {100} sectors of a synthetic diamond. The variation of 
impurity incorporation over a growing crystal might be caused by gradients 
in supersaturation. That such local differences in supersaturation over a 
growing diamond surface might exist, can be concluded from the occurrence 
of hopper growth [53] of larger sized synthetic diamonds [54]. This leads 
to the formation of depressed areas at the centers of the octahedral facets. 
4. Conclusion 
Photoluminescence tomography is a valuable method for three-
dimensional imaging of the distribution of luminescent point defects in 
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crystals. By making use of different wavelengths for excitation in com­
bination with the appropriate absorption filters for observation, different 
types of luminescence centers in one crystal can be mapped separately. The 
resolution of the method is in the order of one to ten micrometers. These 
features make the method especially suitable for fundamental studies of 
the point defect structure in crystals. This again gives information on the 
mechanisms and history of crystal growth processes. A practical applica­
tion is the investigation and production control of solid state impurity laser 
materials, like ruby (СГ-АІ2О3), Nd-YAG and recently abo diamond [55]. 
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Part lb. Spatially resolved photoluminescence and 
defect studies of bulk material: high spatial 
resolution. 
Chapter 5 
Construction of a liquid He cryostat insert 
for high spatial resolution photoluminescence 
experiments on GaAs. 
E.P. Visser and L.J. Giling 
Abstract . 
A high spatial resolution focusing and translation mechanism for photolu­
minescence experiments at 4.2 К on GaAs is demonstrated. The restrictions 
posed on the obtainable spatial resolution of conventional setups, where 
the focusing lenses are situated outside a liquid He cryostat, were circum­
vented by building the microscope objective and the translation stage into 
the cryostat. The objective and the translation stage are functioning at 4.2 
К and are controlled from outside the cryostat. A spatial resolution of 1 
μιη was obtained. Up to eight crystals can be mounted and interchanged 
during an experiment without returning to room temperature. A horizontal 
translation table was constructed based on two separate spring systems for 
each direction of translation. The motion is effectuated by two computer-
controlled stepping motors, resulting in a step size of 0.25 μιη. Thermal 
leakages via translation rods, focusing mechanism, connecting wires and 
tubes were minimized so that a hold time of 20 hours for a conventional 
liquid He bath cryostat was reached. 
Review of Scientific Instruments, in press 
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1. Introduction. 
Spatially resolved photoluminescence experiments for direct band-gap 
semiconductors are carried out to investigate radiative electronic transitions 
on a local scale. Fluctuations of the concentrations of impurity atoms or 
native defects, mostly in relation to the presence of dislocations, can thus 
be monitored [1-5]. In order to obtain high quantum efficiencies for all 
transitions of interest, experiments are generally performed at liquid He 
temperatures, for which the defects are not yet thermally ionized. 
In spatially resolved photoluminescence experiments the excitation 
spot is generally obtained by focusing a laser beam onto the sample using a 
single optical lens or a microscope objective. In conventional experiments 
at 4.2 К the crystals are mounted inside a liquid He cryostat and the fo­
cusing device is positioned outside the cryostat on some kind of translation 
stage [6-9]. A drawback of this configuration is the limitation posed on the 
smallest obtainable laser spot. For an ideal lens system without spherical 
aberrations the smallest spot diameter is limited by diffraction, and is given 
by 
2.UXf 1.22X 
^ - D — Ñ X ' (1) 
where Л is the laser wavelength used, ƒ the focal length, D the lens diameter 
and N.A. = D/2f the numerical aperture [10] (see fig. 1). The diameter 
WQ corresponds to a circular disk in which 87% of the total laser power 
is contained [11]. The axial distance at which the spot diameter does not 
increase by more than 10% of the value WQ is given by [12] 
*=
5
-ψ-. (2) 
It follows from eqn. (1) that a large numerical aperture is desirable in 
order to obtain a small laser spot. However, in a conventional optical cryo­
stat the sample compartment is separated from the outer world by at least 
two optical windows. In the most simple construction the first window is 
used to shield the 4.2 К region from the vacuum jacket, and the second one 
to separate the vacuum jacket from ambient air pressure. A third window 
may be present when a radiation shield or a liquid nitrogen case is used. 
These requirements, necessary for proper thermal insulation, lead to a min­
imal distance of several centimeters between focusing lens and sample so 
that the required large focal distance prohibits a high resolution. In order 
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Fig. 1. Illustration of the path of rays of a focused laser 
beam. Due to diffraction a non-zero spot diameter WQ and 
non-zero depth of field s is obtained. The diameter WQ cor­
responds to a circular disk in which 87% of the total beam 
intensity is contained. The depth of field з is defined as the 
distance within which the beam diameter does not vary by 
more than 10% of the value WQ . 
to circumvent the restriction on the obtainable spot diameter caused by 
the large working distance, we constructed an insert for a liquid helium 
bath cryostat containing a translation table and a focusing microscope ob­
jective. In this construction both the translation table and the microscope 
objective are at liquid helium temperature and are situated inside the same 
compartment, so that the distance between objective and crystal can be 
made infinitely small. To our knowledge, such a construction has never 
been reported for photoluminescence on GaAs. A configuration, slightly 
comparable to ours, in which a fiber optics rod was used to transfer optical 
signals to and from a liquid He cryostat, but without a sample translation 
mechanism, is reported in ref. [13]. 
2. A p p a r a t u s . 
2.1. General. 
A schematic drawing of the experimental setup is shown in fig. 2. The 
translation table has been positioned horizontally and can be translated 
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Fig. 2. (previous page) Schematic side view of the experi­
mental setup. The translation mechanism is shown for one 
direction only. The insert is filled with He-gas, providing 
the thermal contact with the surrounding liquid He bath. 
The gas pressure can be controlled via a connecting tube 
(not shown in the figure) so that no undesirable condensa­
tion occurs inside the sample compartment. Eight crystals 
can be mounted on a "sample-wheel", which can be turned 
by a rotation rod from outside the cryostat (not shown in 
the figure). Also not shown in the figure is a set of extra 
tubes used for electrical wires and for the filling of liquid He. 
A more detailed drawing of the translation mechanism can 
be found in fig. 4. 
in two directions by stepping motors mounted on top of the cryostat. The 
smallest step size obtainable is 0.25 μπι. The horizontal motion of the table 
and the vertical positioning of the microscope objective are effectuated by 
vertical rods which can be operated from outside the cryostat. 
Up to eight samples can be mounted at the same time and can be 
interchanged without removing the insert from the cryostat. Samples are 
glued onto a rotatable sample wheel which has a fixed, calibrated position 
relative to the translation table and the objective. Since commercially avail­
able ι — y translation stages, containing ball-bearings along directions of 
translation, are not guaranteed to work properly at 4.2 K, our translation 
table was mounted on a system of leaf springs consisting of the smallest 
number of moving parts possible. A more detailed description of the trans­
lation mechanisms will be given in section 2.3. A photograph of the insert 
is shown in fig. 3. 
Data-acquisition and steering of the stepping motors was realized by 
IEEE-interfaces and an MS-DOS computer. User-friendly programs for the 
recording of spectra, line-scans and two-dimensional mappings were written 
in Pascal. 
2.2 Optics. 
The microscope objective, which can be translated vertically to adjust 
the focus, has a numerical aperture of N.A. = 0.85, so the theoretically 
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Fig. 3. (see next page for explanations) 
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Fig. 3. (previous page) Picture of the translation insert. 
Parts which are clearly recognizable: 
1. Translation rod for the direction parallel to the plane 
of view. 
2. Translation rod for the direction perpendicular to the 
plane of view. 
3a. Roller connected to a spindle drive which transforms 
the rotational movement of the rod into vertical motion. 
The vertical motion of the roller induces the horizon­
tal translation of a wedge connected to the translation 
table. 
3b. Wedge connected to the translation table. It should be 
noted that the wedge visible in this picture effectuates 
the motion in the plane of view, whereas the indicated 
roller is used for translation perpendicular to the plane 
of view. In fact both directions of motion have exactly 
the same construction of spindle drive, roller and wedge. 
4. Holder for the microscope objective, which can be trans­
lated vertically. 
5. Sample wheel which may contain up to eight samples. 
The wheel can be turned around from outside the cryo­
stat so that each successive sample is positioned right 
under the microscope objective. Two samples are visi­
ble in this picture. 
6. Spring system for the translation parallel to the plane 
of view. The leaf springs are reinforced by metal plates. 
7. Spring system for the translation perpendicular to the 
plane of view. 
obtainable spot diameter (eqn. 1) equals WQ = 0.70 μιη for the laser wave­
length of 488 nm used. The actual spot size using this objective was deter­
mined outside the cryostat by scanning a razor blade through the focused 
beam and recording the decrease of laser power. A spot diameter of 1 μπα 
was found. The deviation from the theoretical value is mainly caused by 
the fact that the laser beam used does not cover the whole lens area of the 
objective, so an effective D' < D should be substituted in eqn. 1. This 
drawback might be overcome by using a proper beam expander, but for 
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simplicity of the optics, and since an actual spot diameter of 1 /zm is quite 
acceptable, we did not use a beam expander. 
Using the theoretical spot diameter of wo = 0.70 μιη, the "depth of 
field" of the focused laser beam (eqn. 2) is calculated to be s = 3.5 μιη. 
If the measured spot diameter of 1 μιη is substituted the value would be 
7.2 μιη. Since the depth of field is relatively small, special care should be 
taken with regard to the proper focusing procedure. The vertical position 
of the microscope objective for which the crystal surface is just in focus, 
and for which the smallest possible laser spot is obtained, was established 
in each experiment by moving the objective up and down until a parallel 
reflected laser beam is reached. Since the focal distance, which equals » 2.3 
mm for the objective used, is small compared to the position at which the 
image of the laser spot can be created (about 1 m above the objective or 
more), the appropriate vertical position can be installed very accurately. 
Indeed, using the lens formula 1/f = l/l + l/l', it is easily calculated that 
if an image of the reflected laser spot is created at 2 m, the objective is 
only 1.3 μιη out of focus. 
Since the laser beam is incident perpendicular to the translation table, 
the microscope objective is used for both the focusing of the exciting beam 
and the collection of the luminescence radiation. In order to separate the 
large-wavelength luminescence signals (Λ > 820 nm) from laser radiation 
reflected at the crystal surface (Λ = 488 nm), a dichroid mirror with a 
cutoff wavelength of 560 nm was used as shown in fig. 2. Since GaAs 
is luminescent in the infra-red region, only gold mirrors were used in the 
optical path from cryostat to monochromator. 
2.S Mechanics. 
Due to the small depth of field it is essential that tilt of the sample 
and vertical movements of the translation table during a horizontal line-
scan or two-dimensional mapping are limited in order not to obtain out-
of-focus conditions. A construction in which only one set of leaf springs is 
used for each direction of motion would lead to these undesirable vertical 
movements. Therefore a more sophisticated construction was devised using 
a second set of spring blades compensating the vertical motion of the first 
one. A schematic drawing of this spring system is given in fig. 4. Only 
one direction of translation is shown. In fact a quadruple spring system, 
consisting of two compensating sets for the z-direction and two equal sets 
for the ¡/-direction are used as can be seen in fig. 3. In order to realize the 
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Fig. 4. Schematic side view of the translation mechanism 
showing the double set of leaf springs, constructed in such 
a way that the vertical movements of the two sets compen­
sate. Only one direction of motion is shown. In fact the 
translation mechanism consists of a quadruple set of springs 
for both the x- and the y-direction. 
desired stiffness of the spring system, the leaf springs have been fortified 
by metal plates, as can also be noted in fig. 3. The rotation of the stepping 
motors is transformed to a vertical motion by a spindle drive (see fig. 4). 
A roller, attached to the spindle drive, is used to effectuate the horizontal 
motion of the translation table by pushing a wedge connected to the table. 
The flatness of the translation table during horizontal motion was mea­
sured and readjusted during preliminary experiments. As a result, we suc­
ceeded in reducing the vertical motion to ±2 μπι across the total mapping 
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area of 4 X 4 mm2. Although this is a rather satisfactory working condition, 
in practice the totally covered area of 4 χ 4 mm3 is only used for preliminary 
localization of the sample. For precise measurements, only smaller sample 
areas (typically 500 χ 500 /im2), leading to much smaller deviations from 
horizontality, were investigated in one mapping. Finally we like to mention 
that also the gluing of the samples was done very carefully. When gluing 
the crystals onto the sample wheel their horizontality was controlled and 
adjusted with the use of a perpendicularly incident Не/Ne laser beam. In 
case the crystal surface is not fiat (rounded sample edges often occur after 
chemical etching) the sample should be re-polished. 
The sample wheel, which can be discerned in fig. 3, has been con­
structed with a toothed rim so that it can be turned around by the ro­
tation of a small pinion (not visible in fig. 3) operated from outside the 
cryostat through a vertical rod. Furthermore, an additional construction 
using pawls and springs situated underneath the wheel (not visible in the 
picture) was devised in order the establish eight pre-defined positions in 
the rotation of the sample wheel, corresponding to eight locations on the 
wheel where the samples are mounted. This was done in order to facilitate 
the localization of specific sample areas after the interchange of samples 
during an experiment. 
2.4- Cryogenics. 
The insert was constructed in such a way that the sample compart­
ment is not filled with liquid He in order to prevent undesirable distortion 
of the optics by bubbles or convection in the liquid. Instead, He exchange 
gas is used to provide the thermal contact with the liquid He bath. Indium 
rings were used to seal the sample compartment from the bath. In order to 
avoid condensation of the gas inside the sample space the following cooling 
procedure was effectuated. During the filling of the liquid He bath, the 
sample space is always kept at atmospheric pressure by introducing addi­
tional He gas while the temperature lowers. This is done to prevent too 
low pressures in the sample compartment which might cause some liquid 
He leakages. As soon as the filling is completed a pressure slightly below 
atmospheric is established in the sample compartment, which reduces the 
boiling point to below 4.2 K, so no condensation of He gas can take place. 
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10 20 30 40 
distance (/¿m) 
50 
Fig. 5. Experimental verification of the actually obtained 
spot diameter at 4.2 К by scanning across a sample edge 
with a laser beam focused at the crystal surface. Deviation 
from the value of WQ = 1.0 μτη is caused by rounded sample 
edges. 
For reduction of thermal leaks, all contacts with the room temperature 
environment were constructed as thin as possible. Using a He bath cryostat 
with a He content of 9.5 1, a hold time of 20 h was achieved. 
3. Test resul ts . 
In order to verify whether a laser spot of 1 μτη is indeed obtained for 
the actual working conditions at 4.2 K, and whether the focusing does not 
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deteriorate in the course of an experiment, we recorded the intensity of the 
reflected laser signal while scanning across a sample edge. A typical result 
is presented in fig. 5. Due to the small depth of field the maximal intensity, 
reached for focusing at the crystal surface, quickly drops to zero when the 
sample edge is passed. These scans turned out to be reproducible, which 
shows that vibrations of the whole optical system, or oscillations introduced 
by the translation mechanism do not influence the focusing of the laser 
spot. Although the value of 2.3 μπι shown in fig. 5 is larger than the spot 
diameter determined at room temperature by the razor blade method (1 
μπι) the result is quite satisfactory since the sample edges are not infinitely 
sharp. 
The sensitivity of our experimental setup for detecting spatial details in 
photoluminescence signals was tested on semi-insulating GaAs crystals, of 
which it was known from earlier experiments that increased PL-intensities 
are found on dislocations and dislocation cell walls (for a description of the 
typical defects present in this material see refs. [3] and [14]). An illustration 
of the spatial resolution obtainable with our configuration is presented in 
fig. 6, where the variation of the PL-intensity across a dislocation cell wall 
is shown. Again, in comparing several sets of sequential scans across the 
same sample areas, no deviations larger than the signal-to-noise ratio of 
the detection system were found. 
4. Conclusion. 
We have succeeded in constructing a liquid He cryostat insert for high 
spatial resolution photoluminescence experiments with a spatial resolution 
of 1 μπι. The test results showed that the configuration functions satisfacto­
rily at 4.2 K, which means that (i) the desired resolution is indeed obtained, 
(ii) deviations from horizontality of the sample motion are within accept­
able limits, (iii) no out-of-focus conditions are introduced by vibrations of 
the insert or the optical system and (iv) thermal leaks have been reduced 
to such a level that an acceptable liquid He hold-time was obtained. 
Since the authors were primarily interested in defect characterization 
in bulk GaAs crystals, the optical system was devised to work properly for 
that material. In principle all luminescent semi-conductors can be stud­
ied provided that appropriate changes to the laser wavelength, dichroid 
mirror and the detection system are effectuated when material of different 
band-gap is used. In this report we restricted ourselves to the technical 
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Fig. 6. Linear scan of the PL-intensity across a dislocation 
cell wall in semi-insulating GaAs, demonstrating the spatial 
resolution under the actual working conditions at 4.2 K. The 
excitation wavelength equals A
exc
 = 488 nm (Ar+ laser), the 
photoluminescence wavelength equals Xpi, = 831 nm. 
description of the experimental setup. Results of experiments on Si-doped 
and semi-insulating GaAs can be found in refs. [15] and [16], respectively. 
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Chapter 6 
High spatial resolution photoluminescence 
studies of dislocations in Si-doped LEG GaAs. 
E.P. Visser, P.J. van der Wel, J.L. Weyher and L.J. Giling 
Abstract. 
High spatial resolution photoluminescence experiments were performed on 
Si-doped LEC-grown GaAs. Typical defects investigated were grown-in 
dislocations surrounded by impurity atmospheres (G) and grown-in dislo­
cations moved by thermal stresses during the post growth cooling period 
leaving behind a glide trace (GS). DSL photoetching was performed to 
localize the defects, which showed up as hillocks with a small summit at 
the dislocation outcrop. The luminescence experiments were carried out 
in a helium bath cryostat at 4.2 К using a newly developed focusing and 
translation mechanism, mounted inside the cryostat. A spatial resolution of 
и 1 μπι could thus be obtained. Grown-in dislocations, starting- and ending 
points of GS-dislocations as well as their glide traces were all found to yield 
lower luminescence intensities than the crystal matrix. Moreover, a relative 
enhancement of the (D0,h) transitions with SÍQ» as donor compared to the 
(e, A0) transitions with SÌAB as acceptor was observed at isolated grown-in 
dislocations and starting points of GS-dislocations. Glide traces and ending 
points of GS-dislocations, however, at which the photoluminescence inten-
sity was abo significantly lower than at the crystal matrix, did not show 
this enhancement. The results are explained on the base of a relatively high 
concentration of non-radiative deep centers at all of the above-mentioned 
defects, and a high concentration of shallow donors at grown-in dislocations 
and starting points of GS-dislocations. The distinction found between dif-
ferent defects with regard to the impurity incorporation is explained in 
terms of the thermal history of the crystal. 
Journal of Applied Physics, submitted 
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1. Introduction. 
Bulk GaAs crystals are widely used as the starting material for the 
fabrication of electronic and opto-electronic devices. Direct ion implanta­
tion or epitaxial growth processes like МВБ and MOCVD are employed for 
the realization of the devices. For many applications, it is essential that 
the crystals be homogeneous with respect to the dopant concentration and 
the concentrations of deep recombinative centers. A method to measure 
the fluctuations of the dopant concentration in η-type LEG GaAs (growth 
striations) has recently been reported [1]. 
On a smaller scale inhomogeneities exist around dislocations due to 
the gettering of impurity atoms and the formation of more complex de­
fects. Spatially resolved characterization techniques are available for the 
localization and analysis of these inhomogeneities. DSL (Diluted Sirtl-like 
etching with the use of Light) photoetching is used to localize dislocations 
and their impurity atmospheres [2]. This method was shown to monitor the 
concentration of photocarriers at the crystal surface [3]. By quantitative 
Electron Beam Induced Current (EBIC) the dopant concentration, cor­
rected for the influence of deep traps, was measured at grown-in and glide 
dislocations [4]. Spatially resolved photoluminescence is commonly used 
to monitor the distribution of radiative transitions across a sample. The 
inability of this method to measure the shallow impurity concentrations 
quantitatively, caused by the unknown fluctuations of deep non-radiative 
centers, was recently reported to have been overcome by using resonantly 
excited Selective Pair Luminescence (SPL) [5]. Precipitates have been local­
ized by Transmission Electron Microscopy (ТЕМ) [6] and Laser Scattering 
Tomography (LST) [7]. Energy Dispersive X-ray Spectroscopy (EDXS) was 
used to determine their chemical nature [8]. 
The interaction of dislocations and impurity atoms or native defects 
in tetrahedrically coordinated semiconductors is a complex phenomenon 
and can be explained taking into account both elastic and electrical forces 
[9-11]. It is generally believed that dislocations act as attractive centers 
for point defects giving rise to local changes of the electrical and optical 
properties. For undoped semi-insulating LEG GaAs, for instance, it is well 
established that high concentrations of the native defect EL-2 are present 
at dislocations and their surroundings [12-14]. On the other hand, dis­
locations may be surrounded by areas depleted of certain defects due to 
the formation of precipitates, for which dislocations act as heterogeneous 
nucleation centers. This may explain the seeming controversies reported 
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in literature concerning the origin of the observed photolumineseence (PL) 
contrasts between dislocations and crystal matrix [15]. 
Since photolumineseence contrast is determined by the distribution 
of shallow impurity levels and deep non-radiative luminescence killer cen-
ters, it is essential to consider their mutual interaction and their interac-
tion with dislocations [15]. Furthermore, stoichiometry-related native de-
fects (interstitial As-atoms, As precipitates, ASG*, EL-2, etc.), which have 
their repercussion on the above-mentioned electronic levels, were shown 
to strongly influence the electrical and optical properties of the crystal 
[16]. As-precipitates are believed to act as sinks for impurities and ex-
cess As-atoms [17] during the post-growth cooling period, and as sources 
of As-related defects due to their redissolution during high temperature 
anneal experiments [18]. These two opposite processes were argued to be 
responsible for the observed PL contrasts and their modification after heat 
treatments via annihilation and creation of deep non-radiative centers re-
lated to excess As-atoms [19]. 
In the present work spatially resolved photolumineseence with high 
resolution, obtained by means of a new concept for the focusing and trans-
lation mechanism, was performed on Si-doped, LEG grown GaAs. DSL 
photoetching was used to reveal both grown-in dislocations (G) and grown-
in dislocations moved by thermal stresses (GS) [20]. For the first time we 
have been able to observe the photolumineseence contrast between glide 
traces and the crystal matrix, and to interpret the spectral differences ob-
served. 
The material investigated in the present study was taken from the 
same crystal as that of ref. [4]. The quantitative EBIC measurements re-
ported in [4] led to the conclusion that higher recombination rates and 
shorter diffusion lengths exist at the impurity atmospheres of G- and GS-
dislocations relative to the crystal matrix. No distinction, however, could 
be made with respect to the concentrations of shallow donors and accep-
tors and deep traps. In order to explain the observed characteristics of the 
Space Gharge Region (SGR) width around dislocations, some speculations 
were put forward [4] concerning silicon autocompensation (SiQa <-* SÌAS) or 
compensation of Sioa by some unknown shallow acceptor. In the present 
work a more precise picture of the nature of both the Cottrell atmospheres 
of G-dislocations and the glide traces of GS-dislocations will be given by 
comparison of photolumineseence spectra taken at the defects and at the 
crystal matrix. 
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2. Experiments. 
The material investigated was Si-doped η-type GaAs grown by the 
Liquid Encapsulated Czochralski (LEG) method under slightly As-rich con­
ditions. Samples were cut out of wafers taken from two different ingot po­
sitions, leading to slightly different material properties. The samples had 
ingot positions at about 2/10 and 5/10 from the seed end. The charge 
carrier concentrations were 1 χ 10 1 7 and 3 x 10 1 7 c m - 3 respectively. Mo­
bilities were 3600 and 3200 cm2/Vs. The Etch Pit Density (EPD) was 
» 1 x 104 c m - 3 for both samples. Photoetching was performed during 30 
s using a Di^Si/s solution (notation taken from [21]) and a halogen lamp 
yielding a power density of 320 mW/cm2. The surface patterns obtained 
after photoetching were analyzed by means of an interference contrast mi­
croscope. 
The photoluminescence experiments were done at 4.2 К in a liquid 
helium bath cryostat. Use was made of a newly developed focusing and 
translation mechanism, mounted inside the cryostat in order to minimize 
the distance from sample to focusing lens, so that a laser spot diameter 
of » 1 μιη could be obtained. A description of the construction and the 
optics of the translation insert can be found in [22]. Since the typical carrier 
diffusion length for the investigated material is in the order of several tenths 
of a micron [4], which is smaller than the laser spot diameter, the spatial 
resolution obtained is about 1 μιη. As excitation source the Λ = 488 nm 
line of a continuous Ar+ laser was used. The standard illumination power 
density was 1.0 χ IO6 W/cm3. The photoluminescence signals were recorded 
by a single grating monochromator and an InAs photo-diode. In principle, 
low energy transitions with emission wavelengths up to 3 μιη could be 
detected using this photodiode. However, no deep levels were detected 
in our experiments due to the extremely small sample area from which 
the signals are taken and the low laser power saturation thresholds of the 
transitions. Therefore the photoluminescence experiments were limited to 
near band-gap transitions, and transitions involving shallow acceptors. A 
personal computer was used for steering of the translation mechanism and 
data-acquisition. Spectra, line-scans and two-dimensional mappings (in 
gray-shades or 3-D plots) could be recorded. 
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Fig. 1. Surface structure after DSL photoetching of Si-doped 
GaAs. Isolated grown-in dislocations (G) and grown-in dis-
locations moved by thermal stresses (GS) can be recognized. 
The arrows indicate the direction of the dislocation move-
ment. 
3. Exper imenta l results . 
Fig. 1 shows an interference contrast microscope picture of the typ-
ical surface patterns obtained after DSL photoetching. Isolated grown-in 
dislocations (G) surrounded by impurity atmospheres, starting- and end-
ing points of grown-in dislocations moved by stresses (GS) and their glide 
traces can easily be recognized. Step profiler recordings show that the etch 
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features are hillocks with a very small summit at the exact outcrop of the 
dislocation (see figs. 2 and 3a-c). For a detailed description of the etch 
figures for this type of material we like to refer to [2], in which they have 
been extensively studied. 
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Fig. 2. Step profiler scan across an isolated grown-in dislo­
cation. The Cottrell atmosphere contains a small summit at 
the exact outcrop of the dislocation. 
Spatially resolved photoluminescence measurements were performed 
on selected sample areas. In section 3.1 the results for isolated grown-in 
dislocations (G) will be presented. The results obtained for GS-dislocations 
with their starting points, ending points and glide traces will be presented 
in section 3.2. 
S.l Photoluminescence of isolated grown-in dislocations (G). 
Fig. 4a shows the DSL surface pattern for an area of 260 χ 260 μπι2 in 
which several isolated grown-in dislocations are present. The corresponding 
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Fig. 3. Step profiler scans across several locations of a GS-
dislocation. 
(a) Starting point: The hillock corresponds to the originally 
formed Cottrell atmosphere. No additional summit, as in 
fig. 2, is present. 
(b) Glide trace. 
(c) Ending point: The hillock corresponds to a newly formed 
Cottrell atmosphere. A summit is present at the outcrop of 
the dislocation. 
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two-dimensional mapping of the PL-intensity for the same area is shown 
in fig. 4b. It is seen that all dislocations yield lower photoluminescence 
intensities than the surrounding crystal matrix. Fig. 4c shows a line scan 
of the PL-intensity along the horizontal line indicated in fig. 4b. By inves-
tigation of several other sample areas it was found that the lowering of the 
PL-intensity occurs for all isolated grown-in dislocations. 
For the sake of clarity, it should be noted that care was taken that 
such a decrease of the PL-signals at the defects was not due to geometrical 
effects caused by the etch-hillocks on the samples. These hillocks, which 
have a height of several tenths of a micron, can indeed give rise to slightly 
out-of-focus conditions of the scanning laser spot (for a description of the 
focusing procedure and the depth of field involved, see [22]). It was found 
that the PL-intensity contrast between defects and crystal matrix differed 
slightly for line scans carried out with the laser beam properly focused at 
the crystal matrix, and the same scans made with the beam in focus at 
the defect. However, these were only minor differences which could for all 
cases be excluded as the source of the PL-intensity decrease at the defects. 
Moreover, whenever a photoluminescence spectrum was recorded at a cer-
tain location and its intensity compared with spectra from other sample 
areas, the laser beam was re-focused in order to exclude the geometrical 
effect. 
Photoluminescence spectra taken at dislocation sites were compared 
with those from the crystal matrix. In fig. 5a the PL-spectra taken at 
the center of the "dark area" (A) in fig. 4c and from the crystal matrix 
(B) are presented. Obvious differences between the two spectra are found 
at the high-energy tails, where the relative PL-intensity is higher for the 
spectrum taken at the dislocation site. The low-energy tail and the peak 
at 1.485 eV, which is attributed to (e, A0) transitions with SÌA» as acceptor 
[23], evidently show no differences. It should be noted that this broad 
emission peak at 1.485 eV may also contain a contribution from (D0,A0) 
transitions, which have a slightly lower energy but cannot be resolved as 
a separate peak due to the high impurity level of our samples. However, 
since the excitation power density used in the experiments was very high, 
and since (D0,A0) transitions are more easily saturated than transitions 
involving free charge carriers, it is assumed that these contributions may 
be neglected. As will be further discussed in section 4.1, the high energy 
shoulder, which is predominantly present in the spectrum taken at the 
dislocation, may be attributed to (D0,h) transitions at 1.5133 eV [24] with 
SiGa as donor. 
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Fig. 4. Grown-in dislocations in Si-doped GaAs. 
(a) Interference contrast microscope picture after DSL treat­
ment of several isolated defects. 
(b) Two-dimensional photoluminescence mapping of the 
area shown in fig. 4a. The standard excitation power den­
sity of 1.0 χ 106 W/cm2 was used. The PL-energy selected 
is 1.485 eV. The darkest gray shade corresponds to a PL-
intensity of 1 (arbitrarily chosen) and the brightest to 14.5. 
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fig. 4. (continued) 
(с) Line scan of the PL-intensity across an isolated grown-in 
dislocation along the line marked in fig. 4b. The standard 
excitation power density was used. The PL-energy selected 
is 1.485 eV. 
Additional spectra, taken at different sample areas for both samples, 
demonstrated that all dislocations showed the above-mentioned spectral 
differences relative to the crystal matrix. Although the amount by which 
the (D 0,h) transitions are favored could differ from one dislocation to the 
other, the enhancement of this transition at dislocation sites was always 
observed. The spectral changes were the most remarkable for those dis­
locations having the strongest decrease of PL-intensity. As an example, 
fig. 6 shows the PL-spectrum taken at spot С in fig. 4b, where the observed 
PL-intensity weis 11 times lower than at the surrounding matrix. 
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Fig. 5. Photoluminescence spectra recorded at a grown-in 
dislocation (spot A in fig. 4b) and at the crystal matrix 
(spot В in fig. 4b) for different excitation power densities. 
The factors by which the measured PL-intensities have been 
multiplied are indicated in the figure. The multiplication 
factor for the highest PL-intensities recorded in this series 
(fig. 5c, crystal matrix) was (arbitrarily) set to 1. The indi­
cated transitions are (e, A0) at 1.485 eV, (D 0,h) at 1.5133 eV 
and the LO-phonon replica of the (e, A0)-peak at 1.449 eV. 
(a) Standard excitation power density (1.0 χ 105 W/cm2). 
One might speculate that these spectral differences are not due to lo­
cal variations of the concentration of shallow impurities involved in the 
transitions, but are caused by saturation effects due to differences in the 
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fig. 5. (continued) 
(b) Reduced excitation power density (0.5 Χ 106 W/cm2). 
effective free charge carrier life-times between dislocations and crystal ma­
trix. Indeed, since the saturation thresholds for the (D0,A0), (e,A0) and 
(D0,h) transitions are unequal in general, spectral changes may occur for 
free charge carrier concentrations so high that one of the transitions be­
comes saturated. In order to examine these saturation effects, additional 
spectra with different excitation power density were recorded at the same 
locations as the spectra in fig. 5a. The results for lower laser power (0.5X106 
W/cm2) and higher laser power (3.0 χ 105 W/cm2) are shown in figs. 5b 
and 5c respectively. In comparing figs. 5a-5c it is seen that the (D0,h) 
transitions become relatively stronger for increasing excitation power den­
sity, both at the dislocation and at the crystal matrix. Additional spectra 
130 
Chapter 6: High spatial resolution photoluminescence 
• • • • • • • I • ι ι ι I 1 I • • • I • • • • • • ι ι ι ι ι ι • 
.(e.A0) 
Τ I I I I I I I I | I I I I I I I I I | I I I I I I I I I | I I I I I I I I I | I I I I 
1.35 1.40 1.45 1.50 1.55 
energy (eV) 
fig. 5. (continued) 
(c) Increased excitation power density (3.0 χ 106 W/cm2). 
were recorded for other sample areas on both samples, which all showed 
the same spectral changes as a function of the excitation power. Obviously, 
this effect is due to the saturation of those transitions in which acceptors 
are involved, since their concentration is relatively small compared to the 
donor concentration. 
The above considerations lead to the conclusion that the stronger rela­
tive intensity of (D 0 , h) transitions at dislocation sites cannot be attributed 
to the shorter free charge carrier life-time observed for these regions, since a 
low effective free carrier concentration would disfavor the (D 0 , h) transitions 
relative to those involving shallow acceptors. We may therefore conclude 
that, together with a decrease of the total PL-intensity caused by relatively 
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Fig. 6. Photoluminescence spectrum recorded at a grown-
in dislocation (spot С in fig. 4b) for which the total lumi­
nescence intensity is much lower than the average intensity 
found at grown-in dislocations. The spectrum is compared 
with that from the crystal matrix (spot В in fig. 4b). The 
standard excitation power density was used. The factors by 
which the intensity values have been multiplied are given 
in the figure. The multiplication factor for the spectrum at 
the crystal matrix was (arbitrarily) set to 1. The indicated 
transitions are (e,A0) at 1.485 eV, ( D 0 ^ ) at 1.5133 eV and 
the LO-phonon replica of the (e, A0)-peak at 1.449 eV. 
high concentrations of deep photoluminescence killer centers, an increase of 
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the Sia& donor concentration is observed at grown-in dislocations relative 
to the crystal matrix. 
S.S Photoluminescence of grown-in dislocations moved by stresses 
(GS). 
GS-dislocations were also found to yield lower PL-intensities than the 
surrounding crystal matrix. Fig. 7a shows the DSL picture of the start­
ing point (S), the ending point (Б) and the glide trace of a typical GS-
dislocation. The small and sharp etch hillock at the site where the dislo­
cation is actually present (E) is clearly seen in this picture. No such sharp 
summit exists at the startmg point (S), where the impurity atmosphere was 
left behind, but where no dislocation is present anymore. This observation 
is more evident on the step profiler scans taken at three different sections 
of a GS dislocation, as shown in fig. 3. 
The photoluminescence mapping of the same GS-dislocation is pre­
sented in fig. 7b. The decrease of PL-intensity at the starting and end­
ing points relative to the crystal matrix is clearly seen. The glide trace, 
although not very pronounced in this gray-shade representation, still pro­
duces a detectable PL-contrast. PL line-scans across this type of defect 
are presented in fig. 7c. Scan S is going right through the starting point, 
where the originally formed Cottrell atmosphere was left behind after the 
onset of the dislocation movement. Scan Б goes through the ending point, 
at which a new Cottrell atmosphere was formed after the glide movement 
had stopped. Line scans for intermediate positions between the starting 
and ending points of the GS-dislocation are indicated by 1, 2 and 3. 
Fig. 8a shows the spectrum taken at the starting point of the GS-
dislocation compared with that from the crystal matrix. The same spectral 
differences as observed at the isolated grown-in dislocations (figs. 5a-5c) are 
noticed here. Again, at the high-energy side the relative PL-intensity at 
1.5133 eV, which was attributed to (D0,h) transitions with Sica as donor, 
is much stronger at the starting point of the GS-dislocation than at the 
crystal matrix. Additional spectra were taken from other GS-dislocations 
on both samples. In all cases the starting points of GS dislocations showed 
the above-mentioned spectral differences with the crystal matrix. 
In fig. 8b the spectra from ending point and crystal matrix are com­
pared. It is seen that the enhancement of the high-energy tail, observed at 
the starting point and at isolated grown-in dislocations is not present for 
the ending point. This absence of significant spectral differences between 
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Fig. 7. GS-dislocation in Si-doped GaAs. 
(a) Interference contrast microscope picture after DSL-
etching showing the starting point (S), the ending point (Б) 
and the glide trace. The small summit, corresponding to the 
actual position of the dislocation, is visible at point (Б). 
(b) Two-dimensional photoluminescence mapping of the 
same GS-dislocation as in fig. 7a. The standard excitation 
power density weis used. The PL-energy selected is 1.485 
eV. The darkest gray shade corresponds to a PL-intensity of 
1 (arbitrarily chosen) and the brightest to 5.8. 
ending points of GS-dislocations and crystal matrix was checked for sev­
eral dislocations at both samples. Although some minor differences at the 
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(c) Line scans of the PL-intensity for the GS-dislocation of 
figs. 7a and 7b along the indicated lines. The standard ex­
citation power density was used. The PL-energy selected is 
1.485 eV. 
high-energy tail did occasionally occur, no clear tendency as for grown-in 
dislocations and starting points of GS-dislocations was found. Therefore, 
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Fig. 8. Photoluminescence spectra recorded at the starting 
(S)- and ending point (E) of the GS-dislocation of fig. 7, com­
pared with the spectrum taken at the crystal matrix. The 
standard excitation power density was used. The factors by 
which the intensity values have been multiplied are given in 
the figures. The multiplication factor for the spectrum at 
the crystal matrix was (arbitrarily) set to 1. The indicated 
transitions are (e.A0) at 1.485 eV, (D0,h) at 1.5133 eV and 
the LO-phonon replica of the (e, A0)-peak at 1.449 eV. 
(a) Spectrum from starting point and crystal matrix. 
only the decrease of PL-intensity at ending points of GS-dislocations, with­
out significant spectral changes, is inferred from our experiments. 
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(b) Spectrum from ending point and crystal matrix. 
Finally, PL-spectra recorded at several glide traces were compared 
with those from the crystal matrix. No significant spectral differences were 
observed. 
4. Discussion. 
4-1 Interpretation of experimental resulta. 
The spatially resolved photoluminescence experiments showed that 
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all isolated grown-in dislocations, starting- and ending points of GS-
dislocations and glide traces yield lower photoluminescence intensities than 
the crystal matrix. From this we conclude that high concentrations of 
deep non-radiative photoluminescence killer centers are present at these 
defects relative to the crystal matrix. This vision is supported by the БВІС 
measurements of [4], carried out on the same type of material, where the 
minority carrier diffusion lengths were found to be shorter at the above-
mentioned defects than in the crystal matrix. The interpretation of the 
photoetching results, which was given in [2], is based on the assumption of 
high concentrations of recombinative centers at the defects, leading to the 
observed lower etching velocities for these regions. With regard to the exact 
nature of the deep centers, no conclusive statements have been put forward 
until now. For undoped G a As it is generally believed that Asca-related 
complexes, like for instance EL-2, are the most important deep centers 
(for a review, see [15]). In the case of Si-doped material the situation is 
more complicated since the interaction of Si with all possible native defects 
should in principle be taken into account. 
Analysis of the PL spectra from figs. 5a-5c, 6, 8a and 8b led to the con­
clusion that a "high-energy" transition in the energy interval of 1.51 — 1.52 
eV is favored at grown-in dislocations and starting points of GS-dislocations 
relative to the crystal matrix. In section 3.1 it was already mentioned that 
this transition is attributed to (D0,h) recombinations. Although it might 
also be ascribed to bound- and free exciton or band-to-band recombina­
tions, which are found in the same energy-interval, these identifications are 
highly improbable. Firstly, exciton and band-to-band recombinations have 
higher excitation power saturation thresholds than transitions involving 
shallow impurities, and would accordingly be enhanced for those regions 
where the free carrier life-times are long (i.e. the crystal matrix in our 
case) and, correspondingly, their effective concentrations are high. In our 
experiments, however, the enhancement of the transition in question was 
observed for regions with a short free carrier life-time. Secondly, exciton 
recombinations are known to be present in relatively pure material, and 
not in intentionally doped crystals like ours. Band-to-band transitions are 
generally not strongly present at 4.2 K, but start to be detectable for higher 
temperatures at which most of the impurities have been ionized. The above 
arguments confirm the assignation of the high energy recombinations to 
(D0,h) transitions with Sica as donor, which are found at 1.5133 eV [24]. 
The amphoteric character of Si in GaAs, i.e. donor behavior on Ga 
sites and acceptor behavior on As sites, is reflected in the PL spectra. Al­
though the samples are η-type, the (e, A0) transition at 1.485 eV with SIAS 
138 
Chapter 6: High spatial resolution photoluminescence 
as acceptor [23] is clearly present in all spectra. The enhancement of the 
(D0,h) transitions compared to (e, A0) transitions at grown-in dislocations 
and starting points of GS-dislocations leads to the conclusion that a local 
increase of the SiQa donor concentration relative to the concentration of 
SIAS acceptors exists at these defects. 
Glide traces and ending points of GS-dislocations also show a decrease 
of photoluminescence intensity relative to the crystal matrix, but no en-
hancement of (D0,h) transitions is found. Therefore no increase of the 
SiQa concentration is inferred for glide traces and ending points. 
The thermal history of the LEC-grown GaAs crystal (post-growth cool-
ing conditions) is reflected in the nature of dislocations and their impurity 
atmospheres. Grown-in dislocations will form during early stages of the 
cooling process. When the temperature is still high, these dislocations can 
getter impurity atoms which are still mobile enough to migrate toward the 
dislocation. Also the formation of native defects like vacancies, antisites 
and interstitials close to the melting temperature is highly probable. This 
will lead to the creation of a Cottrell- or impurity atmosphere consisting 
of impurity atoms, native defects or complexes of both [2,25]. Due to ther-
mal stresses, a grown-in dislocation may start to move when the critical 
resolved shear stress is locally exceeded. This glide motion will stop when 
a temperature is reached at which thermal stresses have been sufficiently 
reduced or the temperature has become too low for glide movement [2]. 
It has been shown that during the glide motion, as well as after this mo-
tion has ended, the dislocation is still able to getter some defects, leading 
to clearly visible glide traces and the formation of a new, smaller Cot-
trell atmosphere. The question exists whether the glide motion is followed 
by "dragging" of impurity atoms already present at the originally formed 
grown-in dislocation, or whether glide traces and ending points consist of 
newly attracted or created defects [2]. The present results will lead to the 
conclusion that dragging of impurity atoms (mostly Si in our case) from 
the originally formed Cottrell atmosphere is not significant, and that glide 
traces and atmospheres around ending points of GS-dislocations consist of 
defects, created during and after the glide motion or attracted from the 
surrounding crystal matrix. The arguments supporting this view will be 
given below. 
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4.2 Interaction of point defects and dislocations. 
In finding an adequate defect-dynamics model for the explanation of 
the above results we restrict ourselves to those defects which are the most 
likely to play a role in the point defect chemistry and the interaction with 
dislocations. It has been suggested by several authors [26-29] that Frenkel 
disorder on the arsenic sublattice determines the native defect chemistry 
of GaAs. Calculations of Bublik et al. [27] have shown that the most im-
portant point defects for the homogeneity domain of GaAs are Asi, Vca 
and VAs. Interstitial G a-atoms (Gai) were shown not to be present in sig-
nificant numbers, even for Ga-rich situations. Next to these native defects 
the role of Si, which may be present as Sica, SÌA», Sii or any Si-containing 
complex, must be taken into account. 
Since interstitial As-atoms are present in large quantities in GaAs 
([As¡] и 101 β — IO19 cm - 3 , even at temperatures up to 200 degrees be­
low the melting point [27]) the most probable defects are excess As related 
complexes. In undoped GaAs several of these defects have been identified 
by magnetic resonance techniques, where special attention was paid to the 
AsQa-antisite and its complexes (for a review, and a summary of the ex­
perimental techniques used, see [15]). Also for Si-doped GaAs pulled from 
non-stoichiometric melts it has recently been shown by ТЕМ investigations 
[30] that arsenic interstitials are present in all types of crystals, both As-rich 
and Ga-rich. 
AflGa. antisites have been reported to be the most important defects 
created by plastic deformation of GaAs [31,32]. Furthermore, it has been es­
tablished unambiguously by thermal annealing experiments and EPR stud­
ies that Asea is related to the main near band-gap photoluminescence killer 
center in GaAs [32]. Therefore, the decrease of photoluminescence inten­
sity at dislocations observed in the present study is most probably due to 
AsGa-related complexes, preferentially created at dislocations. 
The AflQa-antisites may be created out of gallium-vacancies, which are 
present in relatively large quantities close to the melting temperature [27], 
and fast diffusing interstitial As-atoms [33-36]: 
Vba + AS| -» ASGa· (l) 
Once created, the Asea antisites can react further with other native defects 
and impurity atoms diffusing toward the dislocation, and form complexes 
which establish the observed recombinative impurity atmosphere. In these 
considerations it is implicitly assumed that the processes mentioned are 
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enhanced at dislocations, most probably due to the lattice distortion and 
the gettering effect of the dislocation. This simple, general model may 
be used to explain the low photoluminescence intensities (present study) 
and the short minority carrier life-times (ref. [4]) both at isolated grown-in 
dislocations and starting points of GS-dislocations. 
Concerning the decrease of PL-intensity at glide traces and ending 
points, more detailed considerations involving the defect creation mecha-
nisms during dislocation motion should be taken into account. However, 
no unanimity exists in the literature. In ref. [32], for instance, dislocation 
climb is considered to be the dominant process of dislocation movement 
leading to antisite creation. The following reactions, involving vacancies on 
one sublattice combined with interstitials on the other and one dislocation 
climb step (dc), are considered: 
Vba + dc-^Asi, (2a) 
VAe + dc - Gaj, (26) 
G a i - d c ^ V A . , (2c) 
M - dc -> VGa. (2d) 
The process leading to the creation of Asea is supposed to consist of reac-
tion (2d), together with the consumption of an extra available interstitial 
As-atom [32]: 
Ast - dc -» VGa, (2d) 
Vba + AS! - • AsQa- (1) 
Opposite to this view it is argued in refs. [31] and [37] that glide, and 
not climb, is the dominant process of dislocation motion in GaAs. The 
creation of antisites should take place via the absorption of two Ast atoms 
at a jog. For a 60o-type dislocation its glide together with the jog leaves 
behind a misplaced atom, i.e. the Asea defect. 
The present authors do not feel the need to enter the above discussion, 
but have the opinion that both climb- and glide processes can occur, each 
of which can lead to the creation of AsQa antisites. The formation of 
the recombinative glide-trace then, is again proposed to be caused by the 
collection of native defects or impurity atoms giving rise to more complex, 
Asca-related defects. 
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4.S The role of Si. 
The analysis of local PL-spectra carried out in the present study led 
to the proposition of a locally enhanced η-type character of grown-in dislo­
cations and starting points of GS-dislocations, obviously caused by a local 
increase of the Sica concentration. Glide traces and ending points, however, 
did not show this enhanced η-type character. In principle, two straight­
forward models to explain the increase of the Sica, concentration might be 
put forward. 
Firstly, it can be argued that the total concentration of Si atoms, 
both as Sica, SiAs, от any Si-involving complex, is higher at the defects 
mentioned than in the crystal matrix. This may obviously be caused by 
the diffusion of Si atoms toward dislocations in order to relief the strain 
around dislocations. If it is further argued that Ga-sites are predominantly 
available, this would indeed lead to locally enhanced Sica concentrations. 
As a second model, it might be put forward that the total Si concen­
tration is constant everywhere in the crystal but that at dislocations Sica 
is created at the expense of Si\
e
 via the exchange reaction: 
ЗІА.+ са — SlQa + VAs, (3) 
where the Vca may be emitted by the climb mechanism mentioned above. 
If the Si-exchange mechanism (3) is assumed to be the dominating 
process, it is unclear why this reaction would occur at starting points of GS-
dislocations and not at ending points. If, on the contrary, the diffusion of 
extra Si atoms toward dislocations is supposed to be dominating, the above 
difficulty can be solved by taking into account the diffusion properties of 
Si in relation to the thermal history of the crystal. Therefore, we propose 
the following model, based on the diffusion of Si-atoms toward dislocations 
and the creation of deep, non-radiative AsGa-related complexes in relation 
to the growth history. It should be noted, however, that an additional 
SiAs —* SiGa exchange mechanism cannot be excluded, especially at G-
dislocations and starting points of GS-dislocations. 
Since the movement of GS-dislocations has started at some stage 
during the post-growth cooling period, and since no enhanced SiQa-
concentration is found at the glide traces, nor at the ending points, it 
may be concluded that the enhancement of the Si-concentration at disloca­
tions takes place immediately after solidification when the temperature is 
still high and Si atoms can easily migrate toward dislocations. Glide traces 
and ending points, however, consist of As-related defects formed during 
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and after the dislocation movement according to the mechanisms described 
in the previous section. A supposed dragging of Si-atoms from the origi­
nally formed impurity atmosphere or the attraction from the crystal matrix 
during and after the glide motion does not occur. At the base of this rea­
soning lies the low diffusivity of Si in GaAs. Although a large scatter in 
the reported data on diffusion coefficients of impurity atoms in GaAs exists 
(see for instance [38] and [39]), a "low" diffusivity of Si is reported [40-42]. 
Quantitative data, based on Secondary Ion Mass Spectroscopy (SIMS) pro­
files, have been reported in ref. [43], where values of D = 2 X 1 0 - 1 1 cm2/s 
at 1050° C, dropping to D = 5 X 10" 1 3 cm3/e at 850° С can be found. 
The corresponding activation energy was determined to be E
a
 = 2.5 eV. 
The fact that ending points of glide dislocations do not getter a significant 
number of Si-atoms anymore, but are still able to create a recombinative, 
AsGa-related atmosphere, can be ascribed to the high mobility of Ast rela­
tive to Si. The present authors have not been able to retrace quantitative 
data concerning the diffusion coefficient of isolated Asj in GaAs, however, 
the activation energy E
a
 for Asi migration has been determined indirectly 
from anneal studies on the Уде — Asi complex in electron-irradiated GaAs 
[35]. A first order kinetics with activation energy £?a = 0.5 ± 0.15 eV has 
been found. Since the temperature dependence of the diffusion coefficient, 
D = Doe-E'/kT, (4) 
is mainly contained in the exponential factor, it is instructive to compare 
these factors for Si and Ащ diffusion at different temperatures. The data 
are presented in table 1. It is seen that the drop of mobility during the first 
several hundreds of degrees after solidification is much higher for Si than 
for ASÍ. From this we infer that an essential difference exists with regard 
to the diffusivity of Si compared to ASJ, which leads to the explanation of 
the experimental results in the present study. 
We conclude that a moving dislocation in Si-doped GaAs does not get-
ter a significant number of Si-atoms anymore, but is still able to create a 
trace and an atmosphere of native AsQa-related defects, which are respon-
sible for (i) the decrease of photoluminescence intensity, (ii) the observed 
lower etching velocities and the corresponding hillocks after DSL photoetch-
ing and (iii) the decrease of the minority carrier diffusions length in EBIC 
measurements. At isolated grown-in dislocations these three processes are 
also in force, but an additional capture of Si-atoms, leading to the forma-
tion of an enhanced SiQa donor concentration, occurs at these regions. In 
other words, for those defects created during the thermal stage at which 
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Si-atoms are still relatively mobile both reaction (1) and the enhanced 
Si-incorporation occur, whereas for defects created at lower temperatures 
reaction (1) dominates due to the high diffusivity of As¡ compared to Si. 
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Table 1. Exponential factors determining the temperature 
dependence of the diffusion coefficients (eqn (4)) for Si (E
a
 = 
2.5 eV [43]) and Asi {E
a
 = 0.5 eV [35]) in GaAs. 12380C is 
the melting point of GaAs. 
The analysis of local PL-spectra carried out in the present study, which 
led to the proposition of a locally enhanced η-type character of grown-in 
dislocations and starting points of GS-dislocations, has shed some light 
upon the speculations in [4], where it was suggested that no local variations 
in electrical character should exist. This assumption was based on the 
observed constancy of the SCR width, from which Si-autocompensation 
(SiGa *-* SÌAS) or compensation of Si-donors by some unknown shallow 
acceptor was inferred. Although the occurrence of autocompensation to 
a certain extent is beyond doubt (the SiAs-related PL-peak is present in 
all spectra), the present study unambiguously shows an increase of shallow 
donors at grown-in dislocations and starting points of GS-dislocations. 
144 
Chapter 6: High spatial resolution photolumineseenee 
5. Summary and conclusions. 
From high spatial resolution photolumineseenee experiments, per-
formed on Si-doped LEG GaAs, it followed that local enhancements of 
deep, non-radiative centers (most probably AsQa-related complexes) are 
present both at isolated grown-in dislocations and at starting points, glide 
traces and ending points of GS-dislocations. Moreover, an increase of the 
SiGa donor concentration relative to the crystal matrix was observed at iso-
lated grown-in dislocations and at the starting points of GS-dislocations. 
Both findings were explained in terms of the thermal history of the crystal. 
In an early stage of the cooling period Si-atoms are still mobile enough 
to be captured by dislocations, and will preferentially be incorporated at 
Ga-sitea. At the same time, AsQa-related complexes acting as luminescence 
killer centers will be created. During further cooling of the crystal those 
dislocations which are moving due to thermal stresses are still able to get-
ter or create new AsQa-related defects and form glide traces, but dragging 
and attraction of Si-atoms has stopped because of the low diffusivity of Si 
in GaAs. This model is consistent with earlier explanations of the origin 
of etch figures in DSL photoetching experiments [2] and with the decrease 
of the minority carrier life-time found in EBIC measurements [4]. The 
findings with regard to the incorporation of Si, however, for which the dis-
tinction between grown-in and GS-dislocations was clearly demonstrated 
in the present study, is complementary to the results of DSL and EBIC 
experiments, where no discrimination between different impurity centers 
can be made. 
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Part IIa. Photoluminescence studies of 
epitaxial layers. 
Chapter 7 
Deep level photoluminescence studies on Si-
doped, MOCVD-grown A l x G a ^ A s . 
E.P. Visser, X. Tang, R.W. Wieleman and L.J. Giling. 
Abstract. 
Deep level photoluminescence (PL) studies were performed on Si-doped, 
MOCVD grown Al
x
Gai_
x
As as a function of the most important growth 
parameters. The SiH« input mole fraction, the V/III ratio and the Al-
fraction were varied over a wide range, resulting in net charge carrier con­
centrations η ranging between 1.8 X 101 6 and 4.5 χ 101β c m - 3 , Hall mobil­
ities μπ between 220 and 2400 cm2/Vs and a solid Al-fraction χ between 
0 and 0.72. Two novel PL-emissions for Al
x
Gai_
x
As in the energy range 
of 1.05 — 1.35 eV were recorded. By a systematic analysis of the growth 
conditions these emissions were attributed to SÍQ» — SiAe and Sica — VGB 
complexes. The behavior of the broad PL-emission at 0.8 eV as a function 
of the growth parameters was studied systematically. It was demonstrated 
that this emission is not related to the DX center. Instead, there are strong 
indications that it should be attributed to an internal transition within a 
native, or oxygen-related defect. 
Journal of Applied Physics, submitted 
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1. Introduction 
Al
x
Gai_
x
As is widely used for the fabrication of electronic and opto­
electronic devices. Thanks to the nearly perfect lattice matching with 
GaAs, a large variety of GaAs-Al
x
Gai_
x
As heterostructures can be grown 
using epitaxial growth techniques like Molecular Beam Epitaxy (МВБ), 
Liquid Phase Epitaxy (LPE) or Metal Organic Chemical Vapor Deposition 
(MOCVD). By variation of the Al fraction χ in Al
x
Gai_
x
As the band-gap 
can be tuned between 1.42 (x=0) and 2.17 eV (x=l) at room temperature. 
Several η-type and p-type dopants are available to control the electrical 
character of the layers. 
In general, the introduction of these dopant atoms into the GaAs or 
Al
x
Gai-
x
As lattice gives rise to shallow, hydrogen-like energy states in the 
forbidden gap. In GaAs, the electrically active levels are tied to the Fg 
valence band maximum or the Γβ conduction band minimum for acceptors 
and donors, respectively. In Al
x
Gai_
x
As, however, also the relative minima 
Xe and Le of the conduction band have to be considered (see fig. 1). For 
χ fa 0.4 the separation of the three conduction band minima from the 
valence band maximum is roughly equal, and for χ > 0.4 the Xe minimum 
has become the lowest one resulting in an indirect band-gap. The structure 
of the valence band, however, remains basically unaltered upon variation 
of x: for all χ the valence band maximum is represented by the Fg point. 
From this it follows that shallow acceptor levels, which are effective 
mass-like superpositions of Fg valence band states, do not differ greatly for 
GaAs and Al
x
Gai_
x
As; only the x-dependence of the dielectric constant 
e and the hole effective mass m¿ should be taken into account. Donor 
impurities, on the contrary, show a fundamentally different behavior since, 
according to a theorem of Bassani et al. [1], they can be tied to any of 
the relative or absolute minima of the conduction band. Therefore n-type 
doping of AlxGai-xAs has been given much more attention than p-type 
doping both theoretically and experimentally. 
On the experimental level it is well known that a strong decrease of the 
net charge carrier concentration in η-type Al
x
Gai_
x
As occurs for χ > 0.2, 
irrespective of whether the donor dopant is on a Ill-site (Si, Sn) or on 
a V-site (Se, Te) [2] and independent of the growth technique used (LPE, 
MBE or MOCVD) [3]. This phenomenon has been ascribed to the presence 
of a deep donor state, firstly called the DX center by Lang et al. [4] in 
1979. Since then, much effort has been devoted to identify its structure 
and its physical properties. Besides the above-mentioned decrease of the net 
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Al-fract ion (x) 
Fig. 1. Schematic drawing of the separation of the Γβ, Χ« 
and Le conduction band minima from the valence band max­
imum Γ 8 , as a function of the Al fraction χ at room temper­
ature. 
charge carrier concentration also the observed persistent photoconductivity 
(PPC) in Al
x
Gai-
x
As, which is pronounced for 0.20 < χ < 0.45, has been 
attributed to the DX center [4]. For the moment we will not go into a 
further description of the experimental phenomena attributed to the DX 
center, but we like to refer to the reviews given by Henning et ai. [2], 
Bhattacharya [3] and Lang [5], in which most of the relevant literature is 
being discussed. 
In the theoretical descriptions of the DX center basically two funda­
mentally different approaches can be discerned. In an early paper [6] the 
DX center was considered to be a complex inducing a large lattice distor­
tion, which was accordingly described by a Configuration Coordinate (CC) 
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diagram. The complex has been proposed to consist of a donor atom cou­
pled to an As-vacancy [4]. A strong coupling to the lattice, resulting in a 
Huang-Rhys parameter of S = 75 was derived [4]. Opposite to this treat­
ment it has been proposed and experimentally verified [2] that all donor 
levels, i.e. shallow and deep, should be attributed to simple substitutional 
donor atoms, whose energy states are tied to the Γβ, Xe and Le conduc­
tion band minima. In this way, four different donor levels Di, D2, D3 and 
D4 are considered for Si-doped Al
x
Gai_
x
As; Di is the commonly observed 
donor tied to the Γβ minimum, Da corresponds to the Xe minimum, D3 
and D4 are two states tied to the LQ minimum which have been split by 
the symmetry breaking of the cubic crystal field due to the introduction 
of a group IV element at a Ill-site [7]. These four levels have indeed been 
observed in photoluminescence spectra of Al
x
Gai_
x
As; in accordance with 
the ionization energy of PU 200 meV the D4 level was identified with the 
DX center [7]. Its lattice relaxation was found to be small (S = 0.5). 
In more recent studies [8,9] the "band-structure model" (with the four 
effective mass-like donors Di, D2, D3 and D4) and the "large lattice relax­
ation models" have been reconciled by assuming a double-well ground state 
of the D4-DX level which elucidates both the photoluminescence properties 
(a "shallow" transition at hv = 1.85 eV and a "deep" one at hu = 0.8 eV) 
and the observed photoionization energies (Ei = 0.2 eV and Ei = 0.8 eV). 
The assignment of the 0.8 eV luminescence band to the DX level, however, 
will be questioned in the present paper. 
In this work the attention is focused on the behavior of deep, radia­
tive transitions {hu < 1.5 eV) in Si-doped Al
x
Gai-
x
As, studied by a sys­
tematic variation of several growth parameters (SÌH4 input mole fraction, 
V/III ratio and Al-fraction) over a wide range. Although large numbers of 
PL studies have been performed on "shallow" transitions (band-to-band, 
bound excitons and transitions involving shallow donors and acceptors) 
hardly any data is available of deep radiative transitions. Only a small num-
ber of reports [8,10,11] on photoluminescence spectroscopy of AlxGa1_xAs 
dealing with the emission band centered around 0.8 eV could be retraced 
by the present authors. Lower energy transitions have not been studied 
in these references, since the investigators used a Ge-detector having a 
long wavelength cut-off at about 0.75 eV. In the present study use was 
made of a liquid N3 cooled InAs detector having a nearly flat response 
for 1 μτη < λ < 3μιη (0.41 eV < hv < 1.24 eV), allowing lower energy 
transitions to be recorded. 
The present study consists of a further investigation of the 0.8 eV PL-
band especially in relation with theoretical models presented for the DX 
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center, and an analysis of the PL-bands in the 1.05 — 1.35 eV interval. The 
latter energy region to our knowledge has not been studied for Al
x
Gai_
x
As. 
Identification of the emissions will be made on the base of a systematic 
analysis of the growth conditions, together with an extrapolation of PL-
data on GaAs to the Al
x
Gai-
x
As case with χ ^ 0. 
2. Exper iments . 
The epitaxial layers were grown in a horizontal, atmospheric pressure, 
laminar flow MOCVD reactor which was resistance-heated at the bottom 
and water-cooled on top. A long entrance length was used to ensure the 
stabilization of both the temperature and velocity profiles of the incoming 
gas mixture. A description of the reactor can be found in ref. [12]. Щ 
was used as the carrier gas; trimethylgallium (TMG), trimethylaluminum 
(TMA) and arsine (АзНз) served as source materials and silane (SÌH4) 
as the η-type dopant gas. The growth temperature was measured at the 
GaAs substrate surface using a calibrated optical pyrometer and was kept 
constant at 720 ± 5 0 C for all experiments. The total mole fraction of the 
group III elements ([TMG] + [TMA]) was kept constant at 6.0 X 10~4. 
All epilayers were grown on semi-insulating, Cr-doped GaAs substrates of 
(100) orientation misoriented 2° toward (110). 
The growth parameters which have been varied are the SÌH4 input 
mole fraction (from 0.06 X Ю - 6 to 12 X 10" e ), the V/111 ratio (from 10 
to 82) and the [TMA]/([TMA] + [TMG]) fraction (from 0 to 0.62). The 
thickness of the grown layers varied between 3 and 11 /im, depending on 
the sample position in the reactor. 
The electrical characterization was performed by Hall-van der Pauw 
measurements at room temperature using a clover leaf configuration. The 
photoluminescence experiments were carried out at 4.2 К in a conventional 
liquid He flow cryostat using the Л = 488 nm line of a continuous Ar+ laser 
as excitation source. The PL spectra were recorded by a liquid N2 cooled 
InAs detector having an almost flat response in the 1 μτη < X < Ζμτη 
wavelength region, coupled to a single grating monochromator. The stan­
dard excitation power density was 10 W/cm2. The aluminum fraction χ in 
the grown layers was calculated using the peak energy of the near band-gap 
transitions. These higher energy signals were recorded by a photomultiplier 
tube with an SI response. 
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Fig. 2. Net charge carrier concentrations η for various 
AI
x
Gai-
x
As samples as a function of the growth parameters, 
determined by Hall measurements at room temperature. 
(a) Variation of the SÌH4 input mole fraction. [TMA]/([TMA]+ 
[TMG]) = 0.3, V/III = 20; 
(b) Variation of the V/III ratio. [SÌH4] = 0.29 X Ю - 6 , 
[TMA]/([TMA] + [TMG]) = 0.3; 
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Fig. 2 (continued) (с) Variation of the [TMA]/([TMA] + 
[TMG]) ratio. [SÌH4] = 0.29 x IO"6, V/III = 20. The solid 
Al-fraction xs is indicated by squares, the Al-fraction in the 
gas phase x8 = [TMA]/([TMA] + [TMG]) by circles. 
3. Experimental results. 
8.1. Electrical measurements 
The net charge carrier concentrations η and Hall mobilities μπ were 
determined for all epilayers. They were found to range between 1.8 χ 101β — 
4.5X IO1 8 c m - 3 and 220-2400 с т 2 / в, respectively. The net charge carrier 
concentrations η as a function of the growth parameters are presented in 
figs. 2a-c. In these figures only data points belonging to epilayers grown at 
the same position on the heated susceptor (z = 9 cm downstream from the 
beginning of the susceptor) are given for room temperature. A thorough 
discussion of the temperature dependence of the electrical results (T = 
4.2 - 300 K), including the trends in the mobility /¿н> and a comparison 
with the data for epilayers grown at different susceptor positions will be 
the subject of a forthcoming publication [13]. For the moment we only 
like to mention the straightforward interpretation of the observed trends in 
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the net charge carrier concentration: η increases as a function of the SÌH4 
input mole fraction, but a saturation is observed for [SÌH4] > 2 χ IO - 6 
(fig. 2a). This saturation is ascribed to the formation of Si-precipitates 
in the epilayer [14]; The slight increase of η with increasing V/III ratio 
(fig. 2b) may be attributed to the increased availability of Ill-sites relative 
to V-sites, which favors the incorporation of Si as a donor; Finally, the 
remarkable lowering of the net carrier concentration around the band-gap 
cross-over, most commonly attributed to the influence of DX centers, can 
be observed in fig. 2c. The horizontal axis of this figure represents both the 
Al-fraction in the gas phase, given by x^ = [TMA]/([TMA] + [TMG]), and 
the solid Al-fraction x8. 
x
s 
0.15 
0.30 
0.46 
0.62 
x» 
0.28 ± 0.01 
0.40 ± 0.03 
0.68 ± 0.05 
0.72 ± 0.05 
Table 1. Comparison of the input Al-fraction in the gas 
phase xg = [TMA]/([TMA] + [TMG]) and the solid Al-
fraction xB in the AlxGai_xAs epilayers. 
The numerical values of x
e
 and x9 can be found in table 1. The ob­
served enhancement of the Al fraction x, in the epilayer relative to the gas 
phase ratio x g has been explained by the larger strength of the Al-As bond 
compared to the Ga-As bond, which favors the desorption of Ga atoms at 
the crystal surface [15]. 
8.2. Photoluminescence of the 1.05 — 1.35 eV em test on bands. 
PL-spectra in the 0.9 — 1.5 eV interval recorded for epilayers grown 
with different SÌH4 input mole fraction are presented in fig. 3. This dopant 
mole fraction has been increased from [SÌH4] = 0.06 X 1 0 - e (curve a) to 
[SÌH4] = 12 χ IO"6 (curve f) for fixed [TMA]/([TMA] + [TMG]) = 0.3 and 
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V/III = 20. All spectra were recorded using the standard excitation power 
density of 10 W/cm2. The spectra are presented in such a way that the 
intensities of the high-energy part of curve a have been arbitrarily set to 
1; the factors by which the other (weaker) signals have been multiplied are 
shown in the figure. 
For the interpretation of spectra with hv < Ü a^p.GaAe it should 
be noted that both the AlxGai_xAs epilayer and the GaAs substrate 
contribute to the total luminescence intensity. This is demonstrated in 
fig. 3 for the AlxGai_xAs layer with the lowest SiH« input mole fraction 
([SÌH4] = 0.06 χ 10~e) by the clear presence of the (D 0,A 0) transition 
in GaAs with CAS as acceptor (curve a, peak 1). Keeping in mind that 
the recorded spectra are superpositions of Al
x
Gai_
x
As-epilayer and GaAs-
substrate signals, the assignments were given as follows. 
Firstly, the peaks marked 2 and 3 in curve a are attributed to recom­
binations in the GaAs substrate caused by (D 0, A0) transitions with Mnca 
and Cuca as acceptors [16]. Peak 4 is the phonon-replica of peak 3. The 
assignment of these peaks to GaAs transitions, and not to recombinations 
in the Al
x
Gai_
x
As epilayer, could be made by comparing the spectra of 
fig. 3 with those recorded at GaAs substrates of which the Al
x
Gai-
x
As epi­
layer had been etched away. Next, it can be seen in curve a that peaks 2, 
3 and 4 are superimposed onto a broader peak centered around « 1.34 eV. 
It followed from comparison with the substrate spectra that this broad 
emission should be attributed to Al
x
Gai_
x
As. In the present study the 
following procedure was used to disentangle the Al
x
Gai-
x
As-epilayer and 
GaAs-substrate spectra: Firstly, the as-recorded spectra were compared 
with those taken from substrates of which the epilayers had been etched 
away. Secondly, in case doubt still existed, a bevel was made on top of 
the substrate-epilayer system, after which spectra were recorded using a 
focused laser beam scanned from the epilayer side on the bevel toward the 
bare substrate. 
Comparison of the spectra presented in fig. 3 shows that the increase 
of the SÌH4 input mole fraction leads firstly to an enhancement of the PL 
intensity of the emission and a small shift toward lower energy (curves a to 
d: multiplication factor decreases from 40 to 3, [SÌH4] increases from 0.06 X 
10 - 6 to 0.8 χ 10 - 6 ) . Upon a further increase of the SÌH4 concentration, 
however, the peak intensity is not enhanced anymore, but a shift toward 
lower energy still occurs (compare curve e and d). For the highest SÌH4 
input mole fraction of this series (curve f: [SÌH4] = 12 x 10 - e ) the 1.3 eV 
emission seems to have disappeared, and a new emission at « 1.05 eV has 
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Fig. 3. PL-spectra in the 0.9 — 1.5 eV interval for Al
x
Gai_
x
As 
epilayers grown with different SiH« input mole fraction. For all 
samples [TMA]/([TMA] + [TMG]) = 0.3 and V/III = 20. The 
excitation power density was 10 W/cm3 in all cases. The spectra 
are presented in such a way that the intensities of the high-energy 
part of curve a have been arbitrarily set to 1; the factors by which 
the other (weaker) signals have been multiplied are shown in the 
figure. The base-lines correspond to zero intensity. (D 0 ,A 0 ) tran­
sitions originating from the G a As substrate marked in the figure 
involve the following acceptors: СА
Я
: 1.492 eV, Мпо
а
: 1.406 eV, 
Cuca: 1-356 eV and its LOi phonon replica at 1.320 eV. The 
peaks marked Pi-P& correspond to epilayer transitions. 
(a) [SÌH4] = 0.06 X IO"6; (d) [SÌH4] = 0.8 X IO"6; 
(b) [SÌH4] = 0.13 χ IO" 6 ; (e) [SÌH4] = 5 χ IO" 6 ; 
(c) [SÌH4] = 0.29 X IO"6; (f) [SÌH4] = 12 X IO"6. 
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emerged. As a consequence of the disappearance of the 1.3 eV emission the 
GaAs-substrate spectrum is again visible superimposed on curve f. 
The spectra from growth runs in which the [TMA]/([TMA] + [TMG]) 
ratio was varied are presented in fig. 4. The Al-content in the growth 
gases was increased from [TMA]/([TMA] + [TMG]) = 0 (curve a) to 
[TMA]/([TMA] + [TMG]) = 0.62 (curve e). For all samples the silane input 
mole fraction and the V/IH ratio were kept constant at [SÌH4] = 0.29 χ I O - 6 
and V/III = 20. Comparison of these spectra with spectra from GaAs sub­
strates now leads to the conclusion that the peaks marked P1-P5 correspond 
to epilayer transitions. 
It is seen in fig. 4 that the increase of the Al-content in the epilayer, 
and the corresponding increase of the band-gap, first leads to a shift toward 
higher energy of the peak position (compare curves a and b). Upon a further 
increase of the Al-fraction, however, the peak energies have shifted back to 
lower values (compare curves c, d and e). A discussion of this phenomenon 
will be given in section 4. Furthermore it can be noticed that for the two 
lowest Al-fractions (x = 0 and χ = 0.28; see table 1) the luminescence 
intensities are about an order of magnitude higher than for the highest 
Al-fractions (x = 0.40, χ = 0.68 and χ = 0.72; see table 1). 
Fig. 5 shows the influence of the V/III-ratio variation on the charac­
teristics of the photoluminescence band considered. The V/III-ratio has 
been increased from 10 to 82, while the SÌH4 input mole fraction and the 
[TMA]/([TMA] -I- [TMG]) ratio were kept constant at 0.29 X Ю - 6 and 0.3 
respectively. Although the spectral changes are not so pregnant as in the 
former cases of input [SÌH4] and [TMA]/([TMA]-(-[TMG]) variation, it can 
be noted in fig. 5 that (i) the luminescence intensity is about an order of 
magnitude higher for the lowest V/III-ratio (V/III = 10, curve a) compared 
to the higher ones (V/III=20, 31 and 82; curves b, с and d respectively) 
and (ii) that a shift toward lower energies of the peak values occurs for 
increasing V/III-ratio. 
S.S. Photoluminescence of the 0.8 eV level. 
Fig. 6 shows the PL-spectra of the 0.8 eV level recorded for epilayers 
grown with different SÌH4 input mole fraction for the same parameter set-
tings as in fig. 3. It can be seen that the PL-intensity of this emission band 
decreases for increasing SÌH4 input. For the highest SÌH4 concentrations 
(curves d, e and f) the PL-signals with energy smaller than w 0.9 eV con-
sist of the weak background photoluminescence originating from the GaAs 
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Fig. 4. PL-spectra in the 0.9 — 1.5 eV inter­
val for Al
x
Gai_
x
As epilayers grown with different 
[TMA]/([TMA] + [TMG]) ratio. For all samples [SÌH4] = 
0.29 Χ 1 0 - β and V/III = 20. The excitation power density 
was 10 W/cm2 in all cases. The vertical scale and the mul­
tiplication factors shown in the figure have been defined in 
the same way as in fig. 3, so the spectra can be quantita­
tively compared. The base-lines correspond to zero inten­
sity. The peaks marked РІ-РБ correspond to AlxGai_xAs 
epilayer transitions. 
(a) [TMA]/([TMA] + [TMG]) = 0; 
(b) [TMA]/([TMA] + [TMG]) = 0.15; 
(c) [TMA]/([TMA] + [TMG]) = 0.30; 
(d) [TMA]/([TMA] + [TMG]) = 0.46; 
(e) [TMA]/([TMA] + [TMG]) = 0.62. 
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Fig. 5. PL-spectra in the 0.9 — 1.5 eV interval for Al
x
Gai_
x
As 
epilayers grown with different V/III-ratio. For all samples 
[SÍH4] = 0.29 χ IO" 6 and [TMA]/([TMA] + [TMG]) = 0.3 The 
excitation power density was 10 W/cm2 in all cases. The ver­
tical scale and the multiplication factors shown in the figure 
have been defined in the same way as in figs. 3 and 4, so the 
spectra can be quantitatively compared. The base-lines corre­
spond to zero intensity. The peaks marked P1-P4 correspond 
to Al
x
Gai_
x
As epilayer transitions. 
(a) V/III = 10; (b) V/III = 20; (c) V/III = 31; (d) V/III = 82. 
substrate. At the high energy side of curves d, e and f again the emissions 
emerging for high SiH4 input concentrations already shown in fig. 3 can be 
seen. It should be noted that the shape of the emission is distorted at the 
high energy side due to absorption of luminescence radiation at 0.90 eV 
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Fig. 6. PL-spectra in the 0.5 - 1.1 eV interval for 
AlxGai-xAs epilayers grown with different SÍH4 input mole 
fraction. For all samples [TMA]/([TMA] + [TMG]) = 
0.3 and W /III = 20. The excitation power density was 
10 W/cm2 in all cases. The vertical scale and the multipli-
cation factors shown in the figure have been defined in the 
same way as in figs. 3-5, so the spectra can be quantitatively 
compared. The base-lines correspond to zero intensity. The 
peaks marked Pj and P2 correspond to AlxGai_xAs epi-
layer transitions. The downward arrow shown in curve a 
at 0.9 eV indicates the distortion of the spectrum due to 
absorption by H2O vapor along the optical path. 
(a) [SÍH4] = 0.06 X IO"6; (d) [SÍH4] = 0.8 X IO"6; 
(b) [SiH4] = 0.13 X IO"6; (e) [SÍH4] = 5 X IO"6; 
(c) [SÌH4] = 0.29 χ ΙΟ"6; (f) [SÌH4] = 12 χ IO"6. 
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Fig. 7. PL-spectra in the 0.5 - 1.1 eV interval for 
Al
x
Gai_
x
As epilayers grown at different susceptor positions. 
[SÌH4] = 0.06 χ Ю - 6 , [TMA]/([TMA] + [TMG]) = 0.3 and 
V/HI = 20. The excitation power density was 10 W/cm2 in 
all cases. The vertical scale and the multiplication factors 
shown in the figure have been defined in the same way as 
in figs. 3-6, so the spectra can be quantitatively compared. 
The base-line corresponds to zero intensity. 
(a) Epilayer grown at г8ивс = 12 cm from the leading edge 
of the susceptor; 
(b) Epilayer grown at r
e u e c
 = 9 cm; 
(c) Epilayer grown at 2;
susc
 = 6 cm. 
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by H2O vapor along the optical path of the detection system. This was 
indeed proven to be an artefact by using a Fourier Transform Infrared 
(FTIR) spectrometer for recording an absorption spectrum of air in the 
corresponding energy interval. 
Until now, only the influence of the SÌH4 input concentration, the 
[TMA]/([TMA] + [TMG]) fraction and the V/III ratio have been consid-
ered, and no attention was paid to the position of the samples on the 
heated susceptor. It has been shown for silane doping in MOCVD growth 
of GaAs [14], however, that high Si concentrations are found in epilay-
ers grown at downstream positions on the susceptor and that a decrease 
occurs in the upstream direction. This has been ascribed to the strong de-
pletion of the Ill-growth component relative to the SÌH4 concentration in 
the downstream direction. The same phenomenon occurs in AlxGai_xAs 
growth: an increase of the net charge carrier concentration η was observed 
in the present study for downstream susceptor positions. From fig. 6 it 
follows that the strength of the 0.8 eV emission is oppressed at high Si 
concentrations. In order to obtain additional support for this assumption, 
a comparison of spectra for epilayers grown at different susceptor positions 
has been made. Fig. 7 shows the PL-spectra for the lowest SÌH4 input 
concentration ([SiH4] = 0.06 X 10~e) at 6, 9 and 12 cm from the beginning 
of the susceptor (curves c, b and a respectively). It is again clear that the 
PL-intensity of the 0.8 eV emission is anti-correlated to the Sica donor 
concentration in the epilayer (which increases in the direction с —• b —• a). 
Oppositely, it was observed for all settings of the input parameters that the 
intensities of the emission bands around 1.3 eV of figs. 3-5 increased for the 
higher Sica concentrations at downstream susceptor positions. 
Figs. 8 and 9 show the results obtained by variation of the 
[TMA]/([TMA] + [TMG]) ratio. Unlike in fig. 4, where the results were 
presented in one figure, the spectrum for χ = 0, i.e. the GaAs epilayer, is 
now shown in a separate figure (fig. 8) with an enlarged energy-axis. This 
spectrum is identical to the spectrum of the Cr-doped GaAs substrate: 
clearly visible are the emission at 0.839 eV (Pi) which has been attributed 
to a transition involving Crea [17] and its first order TA phonon replica at 
0.830 eV (P2)· Curves b, c, d and e in fig. 9 are the Al
x
Gai_
x
As spectra 
for epilayers with Al-contents of χ = 0.28, 0.40, 0.68 and 0.72, respectively. 
Comparison of these spectra and the GaAs spectrum of fig. 8 leads to the 
conclusion that the 0.8 eV emission is absent in GaAs epilayers, and is 
enhanced in Al
x
Gai_
x
As layers with increasing Al-fraction. Moreover, un­
like for the » 1.3 eV emission band described in the previous section, no 
obvious shifts of peak position of the 0.8 eV emission occur upon variation 
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Fig. 8. PL-spectrum around 0.8 eV for the epilayer grown 
with [TMA]/([TMA]+[TMG]) = 0, [SÌH4] = 0.29xl0- e and 
V/III = 20. The excitation power density was 10 W/cm2. 
The vertical scale and the multiplication factor shown in the 
figure have been defined in the same way as in figs. 3-7, so 
the spectra can be quantitatively compared. The base-line 
corresponds to zero intensity. The spectrum is identical to 
spectra taken from the Cr-doped GaAs substrates. Pi is the 
zero-phonon line of a transition involving Croe [17]. Рз ie 
its first order TA phonon replica. 
of the band-gap or the Si content. This point will be discussed further in 
the next section. 
The spectra for V/III ratios of 10, 20, 31 and 82 are presented in 
fig. 10 (curves a, b, с and d respectively). No specific trend is observed in 
comparing these spectra. The only remarkable fact is, just as in fig. 5, that 
for the lowest V/III ratio (V/III=10, curve a) the PL-intensity is about an 
order of magnitude higher than for the other V/III ratios. 
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Fig. 9. PL-spectra in the 0.5 - 1.1 eV inter-
val for AlxGai_xAa epilayers grown with different 
[TMA]/([TMA] + [TMG]) ratio. For aU samples [SÌH4] = 
0.29 χ 10" e and V/III = 20. The excitation power density 
was 10 W/cm2 in all cases. The vertical scale and the multi­
plication factors shown in the figure have been defined in the 
same way as in fig. 3-8, so the spectra can be quantitatively 
compared. The base-lines correspond to zero intensity. 
(b) [TMA]/([TMA] + [TMG]) = 0.15; 
(c) [TMA]/([TMA] + [TMG]) = 0.30; 
(d) [TMA]/([TMA] + [TMG]) = 0.46; 
(e) [TMA]/([TMA] + [TMG]) = 0.62. 
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Fig. 10. PL-spectra in the 0.5 —1.1 eV interval for AlxGai_
x
As 
epilayers grown with different V/III-ratio. For all samples 
[SÌH4] = 0.29 χ IO"6 and [TMA]/([TMA] + [TMG]) = 0.3. 
The excitation power density was 10 W/cm2 in all cases. The 
vertical scale and the multiplication factors shown in the figure 
have been defined in the same way as in figs. 3-9, so the spectra 
can be quantitatively compared. The base-lines correspond to 
zero intensity. 
(a) V/III = 10; (b) V/III = 20; (c) V/III = 31; (d) V/III = 82. 
Finally, it should be noted that emission bands with an energy lower 
than 0.8 eV (down to 0.4 eV, which is the low energy cut-off of the de­
tector) have not been found for any sample investigated. This means, for 
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instance, that the emission band centered around 0.65 eV, which is gener-
ally attributed to EL-2 in GaAs, is not present in our samples. 
4. Discussion 
4.1. The 1.05 — 1.35 eV emission bands. 
An identification of the AlxGai_xAs transitions in the spectra of 
figs. 3-5 can be given by analysis of the influence of the different growth 
parameters. Fig. 3 shows the clear enhancement of the « 1.3 eV radia-
tion for increasing SÌH4 mole fraction. This indicates that the transition 
involved is related to Si. The most simple case would be a transition only 
involving substitutional Si on a Ill-site (donor) or a V-site (acceptor). For 
ease of language we will call these Ga-sites and As-sites, respectively, keep-
ing in mind that a Ill-site can also be occupied by an Al-atom. Such an 
assignment, however, would not be correct for the following reasons. The 
solid Al-fraction of χ « 0.40 for the epilayers considered in fig. 3 leads to a 
band-gap Ef = E(Te) - Е(Га) = 2.01 eV [18]. The donor binding energy 
as a function of the sohd Al-fraction χ has been determined by Dingle et 
al. [19]. Its value, which equals 6 meV in GaAs, was found to reach a max­
imum of fa 60 meV near χ pa 0.45, followed by a decrease to « 30 meV as 
χ approaches 1. Acceptor binding energies as a function of χ can be found 
in [20]. For Si Ai the binding energy to the valence band maximum, Γβ, 
equals E
a
 = 63 meV for χ = 0.40. These values, and the above-mentioned 
value of the band gap, show that the transition with lowest possible energy 
(which would be the (D 0,A 0) transition with SiQa and Зідв as donor and 
acceptor, respectively) has hi/ fa 1.89 eV. This is remarkably higher than 
the recorded value of « 1.3 eV. Therefore, a Si-containing complex should 
be involved in the observed transition. Also the large width of the peaks 
strongly indicates that in the transition a complex is involved. 
Photoluminescence data of deep complexes in Al
x
Gai-
x
As are scant. 
Imenkov et al. [21] have assigned a PL transition to a (rather shallow) 
acceptor complex with ionization energy of 75 ± 10 meV independent of the 
aluminum concentration for 0.05 < χ < 0.35. The complex was dominating 
in η-type Al
x
Gai_
x
As and was proposed to be SIAS — А8. In the present 
study this transition was not observed for any sample. Nor was it found in 
an extensive study on "shallow" acceptors (Е,оп < 100 meV) in Si-doped 
Al
x
Gai_
x
As by Swaminathan et al. [22]. 
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In GaAs, photoluminescence of deep complexes has been reported by 
several authors [16,23-25]. Two complexes involving Si have been identified, 
viz. Sica-CuGa at a PL-energy of 1.27 eV [16,23] and S Í G S - V G » at 1.18 eV 
[24]. The Cu-containing complex can be excluded for our AlxGai_xAs sam-
ples, since in non of the spectra the PL-peak due to substitutional Cuca 
has been observed; this peak should always be strongly present whenever 
the SiQa — Cuca complex is observed [16]. Therefore, the present emission 
observed in the GaAs spectrum of fig. 4 (curve a) very likely can be at-
tributed to the Sica ~ Vca complex. Its peak position matches well with 
that reported in ref. [24]. 
The AlxGai_xAs spectra of fig. 4 (curves b-e) can be compared to the 
GaAs spectrum (curve a). Since the growth conditions have been exactly 
equal except for the TMA content in the growth gases, an extrapolation of 
the χ = 0 case to χ ^ 0 is highly justified. This leads to the assignment of 
the SiQa — Vca complex to the Al
x
Gai-
x
As emissions of curves b-e. 
The assignment of the unknown emission band to the Sica - Vca com­
plex fits well into the characteristic trends in the spectra: As is clear from 
fig. 3, the PL-intensity of the complex firstly increases as a function of the 
SÍH4 input concentration (curves a to d), but for still higher concentra-
tions no increase is observed anymore (compare curve d and e). For the 
highest concentration ([SÍH4] = 12 ж 10~β) the emission has even disap­
peared (curve f). This saturation effect may be explained as follows. Firstly 
the concentration of the defect increases since the Sica concentration in­
creases for higher SÍH4 input. Gradually, however, no G a-vacancies will be 
available anymore to form the complex, since they have been occupied by 
Si-atoms already. This explains the saturation and the disappearance of 
the Sica — Vca complex for the highest SÍH4 input concentrations. 
The shift toward lower energy for high SÍH4 concentrations may be at-
tributed to the compensated character of the epilayers. It has been shown 
[26-30] that in compensated samples (our AlxGai-xAs epilayers eire indeed 
compensated; both Sic» acceptors and SIAS donors are present) transitions 
occur between carriers localized in spatially separated wells due to fluctu-
ations in concentrations of the donors and acceptors (band-tailing). This 
leads to an effective band-gap lowering. This effect can even be so strong 
that the peak energy of pair transitions drops below Eg — (Ea + Ed) [26]. 
The disappearance of the Sica — Vca complex for the highest SÍH4 
input concentration is accompanied by the emergence of a broad, lower en-
ergy emission with a peak energy of » 1.05 eV (curve f, fig. 4). In finding 
a proper identification of this new emission it should be noted that the 
Si concentration is high and that even Si precipitates have been formed 
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[14]. Therefore Sion atoms remain present in the solid; their concentration 
may even have increased for this high.SiH« concentration. Gallium vacan-
cies, however, could have been occupied by additional Si-atoms. Therefore, 
the most simple line of thought is to replace the gallium vacancy in the 
Sica — Vca complex by a species which is likely to be enhanced at high 
SÌH4 concentrations. The most likely candidate is SÌA», since the com-
pensated character of the samples implies that also the SÌAB concentration 
increases as a function of the SÌH4 input concentration. The new emission 
therefore may tentatively be ascribed to the Sic» — SIAS complex. The 
presence of this complex may be considered as the first step in the forma-
tion of Si precipitates. The complex should easily be formed at the growth 
temperature, since both constituents are shallow impurities which are ion-
ized at the growth temperature, so the complex can be held together by 
Coulombic forces. On the other hand, however, it is not eleu whether such 
a complex should have a high luminescence efficiency. Furthermore, to our 
knowledge no radiative transitions involving the Sien. — SIAS complex have 
been reported until now, not for GaAs neither for AlxGai_xAs. Additional 
experiments with even higher SÍH4 input concentrations should be carried 
out to arrive at more conclusive statements. 
In order to explain the somewhat peculiar shifts in peak energy upon 
variation of the Al-fraction (a shift toward high energy upon increase of χ 
for the low Al-fractions, followed by a lowering of the peak energy for higher 
χ values, see fig. 4) one should consider the exact nature of the photolu­
minescence transition involved. In the first report on this luminescence in 
GaAs [24] the complex was considered as consisting of a Sica donor and a 
V G a acceptor as next-nearest neighbors held together by Coulombic forces. 
The observed emission was proposed to be caused by an internal transition 
between an excited state and the ground state of the complex. The low 
energy involved (which is much lower than the typical energies for (D 0, A0) 
transitions in GaAs) was explained by the lattice relaxation of the excited 
state. The corresponding CC-diagram is shown in fig. 11. This model was 
put forward in analogy with the successful CC-model for the description 
of self-activated luminescence in ZnS by Prener et al. [31], which explains 
the luminescence of a complex consisting of a Zn-vacancy (acceptor) and a 
group III or group VII donor atom in ZnS. 
Extrapolation of the above model to the SÌQa — VGB luminescence in 
AlxGai_xAs leads to the situation visualized in fig. 12. The x-dependence 
of the (isolated) donor binding energy E¿ was taken from ref. [19]. By 
A* we designate a virtual level which describes the separation of the Vca 
acceptor from the valence band, corrected for the lattice relaxation and 
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conduction band excited 
state 
ground 
state 
valence band 
Fig. 11. Configuration coordinate (CC) model proposed in 
ref. [24] to describe the self-activated luminescence of the 
Sica - Voa donor-acceptor (D-Α) complex in GaAs. The 
positions of A and D in this figure correspond to energies 
shifted by the Coulombic interaction. The energy lowering 
of the PL-emission compared to the separation of the iso­
lated donor and acceptor level therefore contains both the 
Coulombic interaction term and a correction caused by the 
lattice relaxation. Q is the lattice coordinate. 
the Coulombic interaction within the Sica _ VQ» complex. By assuming 
a more or less linear x-dependence of the separation between A* sind the 
valence band, we can explain the observed energy shifts of fig. 4: for low x-
values the position of the Γβ-bound donor level rises faster upon increase of 
χ than the binding energy of A* resulting in an increase of the Pli-energy; 
for higher x-values, however, the rise of the Xe-bound donor level is less 
than that of A*, whence the decrease of PL-energy. 
The "binding energy" of the virtual level A* as a function of the solid 
Al-fraction χ is presented in fig. 13. The values were calculated using the 
x-dependence of the donor binding energy and the band-gap of ref. [19]. 
The suggested linear dependence on χ is indeed found. The dashed Une 
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С 
Al-fractîon (x) 
Fig. 12. Extrapolation of the model described in fig. 10 
to the AlxGai_xAe case with χ ^ 0. The x-dependence 
of the (isolated) donor binding energy Ed was taken from 
ref. [19]. By A* we designate a virtual level which describes 
the separation of the Voa acceptor from the valence band, 
corrected for the lattice relaxation and the Coulombic inter­
action within the SiQa — с
а
 complex. The arrows indicate 
the energy involved in the radiative transition. 
indicates the x-dependence of the acceptor binding energy based on effective 
mass theory [32]. It is seen that the binding energy of A* is by no means 
described by the effective mass approximation. This indicates that large 
lattice relaxations and/or Coulombic interactions within the Sica — Vca 
complex are involved. 
In the above we have used the original model [24] of self-activated lu­
minescence within the SiQa — У Go. donor-acceptor complex, extended to the 
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Fig. 13. "Binding energy" of the SiQa — Vca complex as a 
function of the Al-fraction χ (for interpretation, see section 
4). The values were calculated using the donor binding ener­
gies and the x-dependence of the band-gap given in ref. [19]. 
The dashed line corresponds to acceptor binding energies 
based on effective mass theory [32]. 
Al
x
Gai-
x
As case. However, a completely different description, not based 
on a large lattice relaxation and an internal transition can also be put for­
ward. Again, we consider the complex as being composed of the positively 
charged SÍQ* atom and the negatively charged Garvacancy: SÍGa+ — V o a -
Now we assume that this complex as a whole can be negatively ionized by 
taking an electron from the valence band: 
- ч О (SiGa+ - Vea") + e - (Si G a + - Υ^" )" (1) 
In this view, the complex as a whole is treated as an acceptor which can par­
ticipate in the conventional (D0,A0) and (e,A0) transitions. A completely 
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equivalent description is obtained if it is assumed that the Gar vacancy 
within the complex can be doubly ionized, leading to: 
SiGa+ - V G a - + e -» SiGll+ - V G . ~ . (2) 
The low energy involved in the PL transition can now be attributed to 
the large separation of the second ionization level of Vca from the valence 
band (see ref. [33] for a further discussion of this model). In ref. [34] the 
CuQa — Lii acceptor associate in GaAs, consisting of Cuca as the acceptor 
and an interstitial Li atom as the donor, has been discussed. The observed 
photoluminescence was attributed to free-to-bound and donor-acceptor re-
combinations with the CuQa — Li| complex acting as acceptor [34]. If the 
same description would be used for the Sica — Vca luminescence extended 
to the AljcGai-xAs case, the observed x-dependence of the peak energy can 
again be explained by the situation depicted in fig. 12. Now A* should not 
be considered as a virtual level, but as the real position of the Sica — Vca 
acceptor level relative to the valence band. The calculated binding en-
ergy as a function of x, shown in fig. 13, should now be interpreted as the 
ionization energy of the Sica — Vca complex. The large deviation from 
effective mass theory should not be attributed to lattice relaxation terms, 
as in the former interpretation, but to a large central cell correction needed 
to describe the complex. 
It was seen in fig. 5 that the peak energy of the Sica ~ ^Ga. emission 
shifts toward low energy for increasing V/III ratio. This shift is remarkable 
for V/III = 10 and V/III = 20, but less significant for higher V/III ratios. 
Since no great differences exist in net charge carrier concentrations between 
the different V/III ratios (see fig. 2b) it is not likely that the shift should 
be attributed to higher SiQa concentrations for increasing V/III ratios. 
The present authors could not find a straightforward explanation for this 
phenomenon. 
4.S. The 0.8 eV level. 
To our knowledge, until now the PL emission centered around 0.8 eV 
in AlxGai-xAs has been attributed to the DX center by all investigators. 
A theoretical interpretation has been presented by Montie et al. [8] and 
Henning et al. [9]. As was already mentioned in the introduction of the 
present paper, these authors introduced the idea of the bistable character 
of the DX center corresponding to a double well ground state. Both wells 
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E,= 0.8 eV 
D. £ .= 0.2 eV 
EpL= 0.8 eV 
EpL= 1.85 eV 
0 
Q 
Fig. 14. Configuration coordinate diagram of the "double 
well ground state" model for the DX center presented in 
refs. [8] and [9]. Both wells are supposed to be tied to the 
Le conduction band minimum. The 0.8 eV luminescence 
occurs due to transitions between the lowest well (with the 
largest lattice relaxation) indicated by DX and a shallow 
acceptor level (A). The higher energy transition at 1.85 eV 
has also been observed in PL-spectra [7]. Q is the lattice 
coordinate. 
are coupled to the L-minimum. The 0.8 eV transition was proposed to 
occur between the ground state of the lowest well (having the highest lattice 
relaxation) and a shallow acceptor level (see fig. 14). 
Opposite to this view, it was very recently argued [11] by comparing 
PL and Electron Paramagnetic Resonance (EPR) data that the 0.8 eV 
radiation should be attributed to an internal transition between an excited 
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Fig. 15. Configuration coordinate diagram of the small lat-
tice relaxation model for the DX center presented in ref. [11]. 
The low energy transition (0.82 eV) occurs between an ex-
cited state and the ground state of the DX center. The 
high energy one (1.64 eV) between the ground state and the 
valence band. Q is the lattice coordinate. 
state and the ground state of the DX center, not involving the valence or 
conduction bands or shallow impurities (see fig. 15). In this model, no 
assumption of large lattice relaxation is made. Both the low and the high 
energy transition are described within a small lattice relaxation model. 
The experimental results of the present study concerning the 0.8 eV 
transition may be summarized as follows: (i) The strength of the emission 
is anti-correlated with the Si concentration. This was observed for samples 
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from growth runs with different SÌH4 input concentrations as well as for epi-
layers grown in the same run at different susceptor positions, (ii) The peak 
position and the full width at half maximum (FWHM) were found to be 
highly independent of the band-gap, the Si concentration, the susceptor po-
sition and the V/III ratio. In order to express this constancy quantitatively, 
we calculated the mean and standard deviation of the FWHM and the peak 
energies for 18 cases in which the 0.8 eV emission was clearly present. This 
resulted in Е
ш
 = 0.8136І0.0015 eV and FWHM
m
 = 141.7І0.8 meV. The 
indicated errors are standard deviations of the mean. It should be noted 
that in determining the FWHM a small graphical correction was introduced 
in order to account for the HjO absorption dip at ta 0.90 eV. After this 
correction the peak shape was found to be highly symmetrical in all cases. 
(iii) The strength of the emission increases for increasing Al-fraction in the 
Al
x
Gai_
x
As layers; for GaAs the emission is not observed. 
From this, the following conclusions can be drawn. Firstly, we propose 
that the 0.8 eV emission is not related to the DX center since its inten­
sity is suppressed for increasing Si donor concentration. To our knowledge, 
unanimity exists in the literature concerning the fact that DX centers orig­
inate from donor impurities. In fact, the DX defect concentrations have 
been found to be nearly proportional to the shallow donor concentration 
(see for instance the review article by Lang [5]). In the light of this it 
seems highly improbable that an emission which is strongly anti-correlated 
to the shallow donor concentrations should be caused by the DX center. 
Moreover, it has additionally been found by deep level PL experiments on 
undoped Al
x
Gai_
x
As grown in our laboratory that the 0.8 eV emission 
is always present whenever the Al-fraction χ is non-vanishing. From the 
above we conclude that the 0.8 eV radiation is caused by a defect center of 
which the concentration is suppressed by Si dopant atoms. 
The present experimental results are contradictory to those of ref. [8], 
in which the SÌH4 input mole fraction had been varied between 0 and 
3.7 χ 1 0 - 6 , which is comparable to the range used in the present study. 
The authors have reported a strong increase of the 0.8 eV emission for in­
creasing SÌH4 concentration. Private communications, however, have made 
clear that only a small number of samples had been investigated, and that 
the proposed relationship could not be held true for the complete batch. 
New results and interpretations of Optically Detected Magnetic Resonance 
(ODMR) studies on their samples can be found in a forthcoming publica-
tion [35]. 
The observed constancy of the peak energy and the FWHM of the 
0.8 eV emission as a function of the band-gap suggests that the transition 
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does not involve the conduction or valence band, nor shallow donors and 
acceptors coupled to these bands. Strictly speaking, such transitions might 
be compatible with a constant PL energy, but in that case the changes of 
the band-gap upon variation of χ should be exactly canceled by a change in 
binding energy of the defect center (in case of a band «-» defect transition) or 
the combined changes of the binding energy of the defect and the shallow 
impurities involved (in case of a shallow impurity <-* defect transition). 
Since this is highly improbable, we conclude that the 0.8 eV emission is 
caused by an interned transition of an unknown defect center. Such an 
internal transition was also proposed by Alaya et al. [11], but contrary to 
our opinion these authors have attributed it to the DX center. 
Internal transitions between the ground state and an excited state of 
isolated defects are a common phenomenon in large band-gap semicon­
ductors. The corresponding (vibronic) luminescence spectra consist of a 
relatively sharp zero phonon line (ZPL) combined with a phonon side-band 
structure at lower energy. The number of phonons active in the multi-
phonon process and the relative strength of the phonon side-band compared 
to the ZPL is expressed by the Huang-Rhys factor S. Large values of 5 cor­
respond to a strong electron-phonon coupling and a large lattice relaxation 
of the excited state (for a description of vibronic spectra, see for instance 
ref. [36]). Typical examples are the H3 and N3 center in diamond, caused 
by vacancies paired with respectively 2 and 3 nitrogen impurity atoms [36], 
and the CrQa ~ X center in semi-insulating Cr-doped GaAs [17]. 
From the shape of the 0.8 eV spectra of the present study, however, it 
follows that the defect involved does not behave like a vibronic center. A 
sharp ZPL is lacking, and no phonon side-band structure can be discerned. 
On the contrary, the shape of the PL-peak is always highly symmetrical. 
This indicates that no strong electron-phonon interaction occurs in the 
transition. 
On base of the present experimental results no definite identification 
of the defect can be given. Except for the already discussed assignments to 
the DX center, the only other identification which could be retraced by the 
present authors is given by Kennedy et al. [10]. They have used ODMR 
techniques for deep level photoluminescence on MBE-grown Al
x
Gai_
x
As. 
Although the emission band used for the detection of the magnetic res­
onance has a peak energy of и 0.95 eV, most probably it is identical to 
the one of the present study, since an artificial shift toward high energy 
has occurred due to the use of a Ge detector. The ODMR results suggest 
that gallium interstitials Gat, created out of originally formed Al¡ which 
have exchanged sites with the Ga atoms, are present at the center of the 
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defect complex. No identification with the DX-center, or with other donor-
related complexes was made. Although their explanation on base of the 
crystal growth process may be questionable, and no complete fingerprint 
of the defect has been given, their assignment to Gai i s η ο * contradictory 
to the experimental results of the present study. 
It has been demonstrated by an extensive study on high purity 
MOCVD-grown Al
x
Gai-
x
As [37] that unintentional oxygen incorporation 
plays an essential role in the properties of the grown layers. Due to the 
more stable oxide formed by Al compared to G a, this effect is more impor­
tant in Al
x
Gai_
x
As than in GaAs. The assignment of the 0.8 eV level of 
the present study to an internal transition within an oxygen-related defect 
would be compatible with the observed experimental trends. Several au­
thors have reported that oxygen is an acceptor in Al
x
Gai_
x
As [37-39]. If 
this is the case, the observed anti-correlation of the 0.8 eV PL-intensity and 
the SÌH4 input concentration may be explained by the compensation of the 
oxygen acceptor by Si-donor atoms. Furthermore, the enhancement of the 
defect for high Al-fractions is also compatible with an oxygen-related char-
acter. However, since no data are available concerning the oxygen content 
of our samples, no decisive assignment can be given. 
Finally, we can summarize the properties of the defect causing the 
0.8 eV emission investigated in the present study, (i) The emission is sup-
pressed by Si doping. Therefore the defect cannot be identical to the DX 
center or one of its excited states, (ii) The photoluminescence is caused by 
an internal transition of the defect and does not involve the conduction or 
valence band or shallow impurities, (iii) The emission does not feature a 
phonon side-band structure common for vibronic systems, (iv) The defect 
is only present in the ternary AlxGai-xAs and not in the binary GaAs. (v) 
Its concentration increases for increasing x. (vi) The defect has a native, 
or oxygen-related character. 
Additional experiments using different characterization techniques 
should be carried out for a further identification of the defect. Magnetic 
resonance techniques seem very promising, although they should be per-
formed on large numbers of samples grown with a systematic variation of 
the growth conditions. 
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5. Summary and conclusione. 
Two broad photoluminescence bands in Si-doped AlxGai-xAe, cen-
tered around « 1.3 and 0.8 eV, have been studied as a function of the 
most important growth parameters, viz. the SÌH4 input mole fraction, the 
[TMA]/([TMA] + [TMG]) ratio and the V/111 ratio. The emission band 
around w 1.3 eV was attributed to the Sica — VQH complex. Two different 
models concerning the exact nature of the radiative transition were con-
sidered. Firstly, the luminescence could be attributed to a self-activated 
donor-acceptor transition within the Sic» - Vea complex. The lowering of 
PL-energy is due the lattice relaxation of the excited state. Secondly, the 
complex as a whole can be considered to act as an acceptor. In that case, 
the transition is a conventional free-to-bound or donor-acceptor transition, 
with the S ica -Vca complex acting as acceptor. The low energy is now due 
to a large central cell correction. The corresponding "ionization energies" 
for both cases were found to increase linearly with the solid Al-fraction x. 
At somewhat lower energy (hv sa 1.05 eV, for χ = 0.40) another broad 
emission was observed for the highest silane input concentration ([SÌH4] = 
12 Χ 1 0 - 6 ) . This transition was tentatively attributed to the SiQa — Зіля 
complex. 
The intensity of the luminescence band centered around 0.8 eV was 
found to be anti-correlated with the input SÌH4 concentration. Further-
more the peak energy and the FWHM are highly independent of all of 
the growth parameters. They were determined to be 0.8136 ± 0.0015 eV 
and 141.7 ± 0.8 meV, respectively. Contrary to the current opinion that 
the emission should be attributed to the DX center, we propose that it is 
caused by an internal transition within a native or oxygen-related defect 
center. Comparison with ODMR studies might indicate that interstitial 
G a-atoms are involved. 
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Chapter 8 
Photoluminescence and electrical studies of 
Si-doped AlsGa^As grown on various sub-
strate orientations by MOCVD. 
X. Tang, E.P. Visser, P.M.A. van Lin and L.J. Giling. 
Abstract. 
The photoluminescence and electrical behavior of Si-doped AlxGai-xAs 
was investigated on various G a As substrate orientations viz. (100) misori-
ented 2° toward (110), ( l l l)Ga and (110). The growth was performed by 
MOCVD with a systematic variation of the SÌH4 input mole fraction, the 
V/III ratio and the aluminum fraction. It was found that the (110) lay-
ers show an abnormal electrical behavior especially in carrier concentration 
and mobility. On these layers, also two new PL emissions were found. By 
correlating all possible pair-defects with the peak intensities as a function 
of the experimental conditions, these two emissions could be assigned to 
the VAS — ASQ» complex and the VAS — SiAe or VAS — SiQa complex. The 
abnormal electrical results for the (110) oriented layers could be explained 
by the presence of these complexes. 
Journal of Applied Physics, submitted 
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1. Introduction 
Because of the nearly perfect lattice matching with GaAs, Al
x
Gai-
x
As 
has been studied extensively and is widely used in opto-electronic devices. 
In particular η-type Al
x
Gai_
x
As has been studied, probably not because it 
is more important than p-type Al
x
Gai_
x
Afl, but mainly due to the presence 
of the interesting and troublesome DX centers [1-3]. These DX centers 
account for the strong decrease of the carrier concentration for XAI > 0.2 
[4,5]. By using higher growth temperatures for MOCVD (metalorganic 
chemical vapor deposition) it has been reported that the number of the 
DX centers could be reduced [6]. However, this is not a practical solution 
since most devices require low growth temperatures in view of the sharp 
interfaces desired. Nevertheless, the upper limit in carrier concentration 
for XAI > 0.2 is a disadvantage for the application of η-type Al
x
Gai_
x
As, 
especially whenever high doping levels are needed. 
Recently we have reported that the growth of Si-doped, η-type GaAs 
layers on various substrate orientations resulted in different carrier concen­
trations and compensation ratios [7]. Similar effects are also to be expected 
for η-type Al
x
Gai_
x
As. In this study we report the results on Si-doped 
Al
x
Gai_
x
As grown on three substrate orientations, viz. (100) misoriented 
2° toward (110) (which we will denote as (100)2o(110)), ( l l l )Ga and (110). 
While the growth temperature remained constant, systematically the silane 
input mole fraction, the V/III ratio and the aluminum fraction in the epi­
taxial layers was varied. The layers grown on (110) substrates showed 
abnormal results. Not only higher carrier concentrations were achieved as 
compared to the layers grown on the two other orientations, but also lower 
Hall mobilities were observed. In order to find the reason of these differ­
ences, the layers were further characterized by photolumineseence (PL). 
2. Exper imenta l . 
The doping experiments were carried out at atmospheric pressure using 
trimethylgallium (TMG), trimethylaluminum (TMA), and arsine (АзНз) as 
source materials, and 100 ppm silane (SÌH4) in H2 as dopant. A horizontal 
reactor was used with rectangular cross-section of dimensions 1.8 X 5.0 cm2 
(height χ width). The reactor was resistance heated at the bottom and 
water cooled on the top so that a known temperature profile could be 
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established. A long entrance length was used to ensure stabilization of 
both the temperature and the velocity profiles of the incoming gas mixture 
(for details, see ref. [8]). The arsine passed through a molecular sieve before 
mixing with the carrier gas (H2) to achieve a low moisture level. The total 
mole fraction of the group III elements (TMA + TMG, taking into account 
the dimerization of TMA) was kept constant at 6.0xl0~4. The growth rate 
was approximately 0.1 дт/тіп. The growth temperature was measured 
at the GaAs substrate surface with a calibrated optical pyrometer. The 
temperature was kept constant at 720 ±5 0 C for all growth runs. 
Three growth parameters have been varied, viz. the input mole fraction 
of silane ([SÌH4]) from 6.0ХІ0"8 to 1.2xl0~6, the V/III ratio from 10 to 82 
and the aluminum fraction in the solid (XAI) from 0.28 to 0.72. The GaAs 
substrates, obtained from MCP (UK), were Cr-doped semi-insulating, hor­
izontal Bridgman grown, and mechano-chemically polished on one face. 
Typical etch-pit-densities were below 5000/cm2. The substrate orienta­
tions were (100)2o(110), (110) and (lll)Ga. To make a direct comparison 
possible, the samples with various orientations were always grown together 
in the same run. A Si-doped, η-type GaAs substrate was also placed in 
every MOCVD run. The known carrier concentration of this substrate was 
used as a reference for the С — V (capacitance-voltage) measurement on 
the epitaxial layers. 
The thickness of the grown layers amounted to a few micrometers. This 
was measured by a cleaving and staining technique. The electrical charac­
terization was performed by van der Pauw-Hall measurements at room tem­
perature using a clover-leaf-configuration. Additional С — V measurements 
were performed with a Polaron profile plotter. The aluminum fraction хді 
•was determined by low temperature (4.2 K) photoluminescence. The PL 
measurements were performed using an Ar+ laser (514.5 nm) as excitation 
source. The luminescence was detected by a liquid-nitrogen cooled SI pho-
tomultiplier, coupled to a double grating monochromator. For standard 
PL measurements an excitation power of 100 mW was used (power density 
2.6 W/cm2). 
3. Electrical measurements. 
In fig. 1 the net carrier concentrations n, obtained from Hall mea­
surements on Alo.38Gao.62As are given as a function of the SÌH4 input 
mole fraction for three substrate orientations, viz. (100)2o(110), ( l l l )Ga 
187 
Chapter 8: Photolumineecence and electrical. 
m 
l 
e 
и 
I O 1 9 E — I I I l l l l l | 1 I I l l l l l | 1 I I l l l l l | — I I I І І І Ц 
10 1 7 -
10 16 
CV HaU 
• β (100)^(110) = 
A A (110) 
• D (lll)Ga 
О A A 
•*<"'n 
' ι ' " i n i ι ι ι u m i ι ι ι m u l ι ι ι m u 
ιο-β 
ΙΟ"? 
ιο-β 
10-5 10-4 
input SÍH4 mole fraction 
Fig. 1. Room temperature net carrier concentration η ob­
tained by Hall measurements versus the SÌH4 input mole 
fraction for three different substrate orientations. The C—V 
data measured on layers grown on Si-doped (100)2o(110) 
substrates are given for comparison. T^owth = 720 0C, 
V/HI = 20, XAI = 0.38. The lines are guide to the eyes. 
and (110). For the layers grown on Si-doped (100)20(110) substrates also 
the C — V data as a function the SÌH4 input concentration are given (for 
[SÌH4] = 2.9 x 1 0 - 7 the data of the (110) and ( l l l )Ga layers are shown as 
well). These C — V values are one to two orders of magnitude higher than 
the corresponding Hall values. This indicates the existence of deep donor 
levels (probably the DX level [1,2]), which can be made clear as follows. 
Since these levels are not easily ionized at room temperature, their contri-
bution to the free carrier concentration measured by the Hall experiments 
is low. In the case of С — V measurements, however, also deep donor lev­
els contribute to the observed electron concentration, since these levels are 
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ionized by the electrical field at the Schottky junction. Therefore a higher 
value of η will be recorded [9]. 
For layers grown on the (100)2°(110) and ( l l l )Ga substrates, the net 
carrier concentration η firstly increases as a function of the input SiHj mole 
fraction, but saturates for [SÌH4] > 2 χ 10~e. This can be explained by the 
formation of Si precipitates as has been reported for Si-doped GaAs [7]. As 
compared to the layers grown on the (100)2o(110) and ( l l l )Ga substrates, 
the layers grown on the (110) substrate do not show apparent differences in 
C-V data. However, they show a strikingly different behavior in Hall data. 
Already for low SÌH4 input mole fractions, the net carrier concentration for 
the (110) samples is very high, and as [SÌH4] increases from 6 x l 0 - 8 to 
Ix lO - 6 , it remains almost constant. 
In the literature, to our knowledge no data is available concerning 
MOCVD Si-doped AlxGai_xAs grown on (110) surfaces. In a previous pub-
lication on Si-doped GaAs [7], the layers grown on (110) were shown to have 
a lower carrier concentration and a higher compensation ratio {N^/N¿) 
than the layers grown on (100)2°(110) and (l l l )Ga substrates. That phe-
nomenon could be explained by a difference in adsorption-desorption be-
havior of the Si-containing species on the various surfaces, as well as by a 
difference in the Si incorporation rate at the step or kink site. Since this 
explanation would lead to a lower carrier concentration for the (110) sam-
ples it clearly is inadequate to explain the abnormal behavior of the present 
(110) AlxGai_xAs layers. 
By using ТЕМ, Wang has reported a monolayer-like ordering of AlAs 
and GaAs (or highly Al-rich and Ga-rich) for МВБ Al
x
Gai-
x
As layers 
grown on (110) GaAs substrates [10]. It might be expected that ordering 
will give an abnormal effect in transport behavior, although this was not 
reported by Wang. One of our (110) samples has been studied by ТЕМ 
but it did not show any ordering effect, therefore this effect most probably 
is not operative in our case. 
We also checked whether by chance the presence of a two-dimensional 
electron gas (2DEG) could be responsible for the strange transport behav­
ior. Such a 2DEG might have been formed at the interface between the 
η-type Al
x
Gai_
x
As epilayer and the semi-insulating GaAs substrate [11]. 
A check-run was made in which a buffer layer of undoped Al
x
Gai_
x
As 
(XAI = 0.38) was grown between the substrate and the n-type Al
x
Gai_
x
As 
epilayer (XAI = 0.38, also). This buffer layer can effectively prevent the for­
mation of a 2D EG [11]. However, no apparent difference, neither electrical 
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Fig. 2. Overview of the room temperature carrier concentra­
tion η and Hall mobility μ as a function of the У/III ratio, 
the input mole fraction of silane ([SiH*]) and XAI· The solid 
lines correspond to the (110) orientation. The dashed lines 
are the averaged values of the (100)20(110) and (l l l )Ga 
orientations. The experimental conditions are: 
(ab): input [SiH4] = 2.9xl0-T, XAI = 0.38; 
(cd): V/III = 20, XAI = 0.38; 
(ef): V/III = 20, input [SÌH4] = 2 .9xl0- r . 
nor from photoluminescence, was found between the samples from this run 
and the corresponding run without the AlxGai_xAs buffer. 
In fig. 2 the electrical results are summarized. In this figure the solid 
lines correspond to data obtained on (110) substrates. Since the results for 
the (100)2°(110) and ( l l l )Ga orientations were quite similar, their aver-
aged values are presented in fig. 2 (dashed lines). It is seen in this figure 
that the (110) oriented layers not only show an abnormal behavior in the 
relation of η versus the SÌH4 input concentration, but also in the other 
relations. Whereas the Hall mobilities for the (100)2o(110) and (l l l)Ga 
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orientations decrease with increasing SiH« input concentration (as would be 
expected), the mobility of the (110) samples is rather low for small [SiH*] 
values, and approaches the value of the (100)20(110) and ( l l l )Ga orienta-
tions for the highest SÌH4 input concentration. The general trend for the 
AlxGai_xAfl layers is that the carrier concentration on (110) substrates 
is higher than that on (100)2°(110) and (l l l)Ga substrates, whereas the 
mobility of the (110) samples is lower than that of the (100)2° (110) and 
(ll l)Ga samples. An extended report of the electrical analysis will be given 
in a separate paper [12]. 
In this paper we will concentrate on the origin of the observed differ-
ences between the (110) and the two other orientations, rather than going 
deeper into the nature of the DX-centers. 
4. PL measurements: a common approach. 
In order to find an explanation for the abnormal trends in electri-
cal properties of the (110) samples, photoluminescenee measurements have 
been applied on all (100)2° (110) and (110) samples and on some of the 
(l l l)Ga samples. In fig. 3 an example is given of four 4.2 К PL spectra eis 
a function of the V/III ratio for the (110) orientation. 
The broad peaks at 1.37 eV result from an impurity complex in 
Al
x
Gai_
x
As, most probably the SiQa — VQ» complex [13]. The peaks at 
approximately 1.48 eV originate from the underlying GaAs substrate and 
are most probably due to a (e, A0) transition with SÌAB as acceptor [14]. It 
must be remembered that the GaAs substrate is Cr-doped, so the appear-
ance of the SiAo peak indicates that some Si atoms have diffused from the 
epitaxial layer into the top atomic layers of the substrate. In the energy 
range between 1.6 and 1.9 eV the spectra show broad emission structures 
which are built up of two peaks. For convenience we will call these two 
transitions Tl and T2 respectively. The peak energy of Τ1 is found to vary 
between 1.71 and 1.80 eV, and the peak energy T2 ranges between 1.80 
and 1.86 eV. No clear relation is found between the peak positions and хдь 
however. Furthermore, an emission with a peak energy of 1.951 eV can 
be seen. This transition, of which the origin is still unclear, has recently 
been described by Lochs et al. [15] (the X-peak). The photon emissions at 
still higher energies correspond to the near band-gap photoluminescenee of 
Al
x
Gai-
x
As, in which the shallow acceptors Sixa and Сда are involved. 
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Fig. 3. 4.2 К photolummescence spectra of (110) samples 
as a function of the V/III ratio. Input [SÌH4] = 2.9xl0~7 , 
XAi = 0.38. 
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The Tl and T2 peaks were frequently observed for our (110) sam­
ples. However, the Tl peak was never observed for the (100)2o(ll0) and 
(l l l )Ga samples, for which only in a few cases the T2 peak was seen. From 
the absence of the Tl and T2 peak for the (100)2o(110) and ( l l l )Ga ori­
entations, we assume that the abnormal electrical behavior of the (110) 
sample is coupled to the presence of the two extra emissions Tl and T2. 
In the following we will therefore concentrate on these two peaks. To our 
knowledge, the peaks Tl and T2 have not been reported in the literature 
so far. In Zn-doped, p-type Al
x
Gai_
x
As (χχι between 0.15 and 0.62) peaks 
in the energy range of 1.5 — 1.7 eV have been reported to be related to the 
Znca — VQH complex [16]. In another study of Zn-doped Al
x
Gai_
x
As (хді 
between 0 and 0.46) a broad peak around 1.65 eV has been reported to be 
related to Znoa — дв [17]. In Ge-doped p-type Al
x
Gai_
x
As (хді between 
0.26 and 0.43) а Седа — дв complex has been assumed to be responsible 
for peaks at approximately 1.85 eV [18]. 
Fig. 4 gives an overview of the measured PL intensities of the Tl and 
T2 peaks as function of the input [SÌH4], the V/III ratio and XAI- We have 
given in this figure the PL intensities as measured. This is an acceptable 
procedure since we have kept all the variables of the PL measurements con-
stant for all samples, including the temperature, excitation power, lock-in 
amplifier settings and monochromator settings. Also the surface morphol-
ogy was similar for all (110) samples, so that surface effects did not play 
a role. There are two other methods, which are based on normalized peak 
intensities, to present PL intensities. The first method correlates the in-
tensity of every emission to that of a certain reference peak, the second 
method uses the totally integrated intensity of all emissions as a reference. 
In our case these methods could not be applied, in the first case because 
of the absence of a reliable reference peak, in the second case because the 
total radiated energy was not constant. 
For the determination of the absolute PL intensities of peaks Tl and 
T2 a Gaussian distribution was assumed. In this analysis the inaccuracy 
in peak intensity and peak energy is quite large, but due to the rather 
strong variations of the peak intensity as a function of the experimental 
parameters (input [SÌH4], V/III ratio and хді), the error in PL intensities 
does not show up in fig. 4, where the inaccuracy is smaller than the symbol 
used for the data points. The errors in the peak energy can be significant, 
however, but this is not of direct importance for our analysis. 
The T2 peak intensity is found to decrease nearly exponentially with 
increasing V/III ratio (fig. 4b). When the input [SÌH4] is varied, the T2 
intensity is shown to increase at first and decrease for higher [SÌH4] (fig. 4d). 
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Fig. 4. Overview of the 4.2 К photoluminescence intensities 
of the Tl and T2 peaks as a function of the V/III ratio, the 
input [SÌH4] and XAI· The magnitude of the errors due to 
peak overlapping is smaller than the size of the used symbol 
(*). The experimental conditions are the same as in fig. 2. 
This behavior may be explained tentatively by assuming that this peak is 
coupled to the presence of a VAe-related complex, probably a ΥΆβ — SIAS 
complex. The reasoning for this is as follows. It is known that SiAe is an 
acceptor, whereas VAS is reported to be a donor [19-21]. At the growth 
temperature of 1000 К it is possible that both of them are ionized giving 
V^g and Si¿a. So a donor-acceptor pair is formed which is held together 
by Coulombic forces. As a function of the input [SÍH4] and V/III ratio, the 
concentration of VAS will decrease. The concentration of SIAS will increase 
as a function of [SÍH4] and decrease as a function of the V/III ratio. The 
combination of both effects yields the presently observed trends of the T2 
peak with the input [SÍH4] and V/III ratio. 
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The relation between the T2 peak and хді (fig· 4f ) shows a small in­
crease in PL intensity for low x\i, followed by a decrease for higher Хді 
values. No straightforward explanation of this behavior could be given by 
the present authors. The increase of the T2 peak intensity for lower XAI 
might be due to an increase in the complex concentration itself, whereas the 
decrease thereafter can be caused by a lowering of the total photolumines­
cence efficiency, which may be attributed to the presence of non-radiative 
centers introduced by oxygen. This oxygen effect, which is expected to be 
stronger for higher aluminum concentration, may also be the cause for the 
sharp decrease of the T l peak intensity as a function of Хді (fig· 4e). 
The PL intensity of the T l peak shows a quite different behavior with 
respect to the input [SÌH4] and the V/III ratio, see figs. 4a,c. The assign-
ment of the Tl peak to a specific defect-complex is more difficult than that 
of the T2 transition. We therefore decided to set up a more systematic 
analysis in the form of a pair-symbol study including all kinds of defects. 
5. D-Α and D-D pairs: a systematic pair-defect analysis. 
For the identification of the T l and T2 peaks we assume that these 
peaks originate from complex levels. This assumption is made since (i) the 
peak energies are too low (—250 meV below the near band-gap emissions) 
and (ii) the peak widths are too large (~100 meV) to be associated with a 
transition originating from a common shallow level. 
In both n- and p-type materials the formation of donor-acceptor (Β­
Α) pairs is possible. In η-type material no acceptor-acceptor (A-A) pairs 
will be formed since all the acceptors are ionized and negatively charged. 
However, the formation of donor-donor(D-D) pairs in η-type material is 
allowed if one of the donor levels lies much deeper than the other so that the 
deeper one can remain neutral, even at the growth temperature. Reversely, 
it is possible that in p-type material A-Α pairs may be formed next to D-A 
pairs, whereas the formation of D-D pairs is forbidden. 
Of course it also is possible that complex centers consisting of more 
than two point defects have been formed. However, such complexes have 
hardly been reported in the literature. Due to the complexity of these 
centers, the probability of formation is expected to be low. Therefore, in 
the following we will restrict our analysis to complex centers consisting of 
two point defects, viz. pairs. 
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In the case of Si-doped GaAs, eight types of point defects are expected 
to be possible, viz. SÍG», SÍAS, V Q » , АЗ, Ga!, Μ , GaAs and ASQ». The 
symbols " V and "i" stand for vacancy and interstitial respectively. In 
the case of Si-doped Al
x
Gai_
x
As, when no ordering is present as is in our 
case, the above mentioned Sic», Vca and ABGB. should be considered as 
Sim ι ці and Asm respectively, where "IIP stands for a group-Ill site. 
Two new point defects are expected, viz. Ali and Al A»· For simplicity we 
will firstly discuss the GaAs case. 
The eight point defects can be divided into four donors SÍG», V A S , 
Gai [22] and AsQa [23,24], three acceptors SÌA», VGB. [20,22] and GaA5 [23], 
and the neutral Asi. Although the latter defect sometimes is assumed to 
be a donor [22] it has also been argued that ASÍ will remain in a neutral 
state, because its outer electron shell is half filled and it neither has a 
large electro-positive, nor a large electro-negative character [25]. We will 
name this point defect [N/D], meaning neutral or a donor. The possible 
combinations of this species with the other point defects are [N/D]-A or 
[N/D]-D pairs. 
Since our samples in all cases are η-type, only the D-Α and D-D centers 
and the [N/D]-A, [N/DJ-D combinations will be discussed. Fig. 5 shows a 
diagram which consists of an outer circle where the three acceptors are 
housed, and an inner part where the four donors are settled. The thick 
bars between the donors indicate the six possible formations of D-D pairs. 
One should visualize the outer circle as being able to rotate, so that the 
thick bars attached to the three acceptors can connect with each of the 
four donors (in the case of fig. 5 a Sica — SÌA s pair) forming in this way 
altogether 12 D-Α pairs. The construction of the [N/D]-A or [N/D]-D pairs 
for the case of Asi is easy, i.e. simply combine the Ащ with the other seven 
point defects to form 7 types of possible pairs. The resulting combinations 
are given in table 1. There are on the whole 12 D-Α pairs, 6 D-D pairs, 
3 [N/D]-A pairs and 4 [N/D]-D pairs. Four of these, which are underlined 
in table 1, will not be stable, viz. Gai — оа> VA S — Gai, Asi — Vea and 
Asi — VAS which certainly at lower temperatures, immediately will form 
Gaca» GaAs, А з о
а
 and ASAS· 
For each of the remaining possible combinations we can look at the 
variation of these pairs as a function of the experimental conditions. Firstly, 
we will study the variation of the individual point defects as a function of 
the experimental conditions, namely the V/III ratio and the input [SÌH4]. 
In fig. 5 we have shown the results in the form of three symbols at the left 
and right hand side of every point defect. The one at the left hand side 
indicates the influence of the V/III ratio and the one at the right hand 
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I 
/ 
| v A s | 
\ 
jGa, 
j G a A s - t A s G = - t V G a i 
* increase 
| decrease 
- no change 
Fig. 5. Schematic diagram for the case of Si-doped, n-type 
GaAs as used for the construction of donor-donor (D-D) 
pairs (the inner part where six D-D pairs can be formed) and 
the donor-acceptor (D-Α) pairs (the outer circle on which the 
three acceptors can combine with each of the four donors to 
form 12 D-Α pairs). The three symbols "t", "I" and а-я 
stand respectively for an increase, decrease or no change 
in the corresponding donor or acceptor concentrations for 
increasing V/III ratio (at the left hand side of each point 
defects) and increasing input [SÌH4] (at the right hand side 
of the point defects). 
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side the influence of the input [SÌH4]. The three symbols "f", "J" and 
"-" indicate an increase, decrease or constancy of the concentration of the 
point defect in question for an increase in the V/III ratio or the input [SÌH4]. 
The resulting symbols for all pairs are given in table 1, where the first two 
symbols represent the influence of the V/III ratio on the two related point 
defects and the second two symbols represent the influence of the input 
[SÌH4]. For convenience we will call the combination of the two symbols a 
pair-symbol. There are altogether six types of pair-symbols, viz. "îî", "î-", 
"TI", "--", "-1"» and "II"· The question now is to determine the combined 
effect resulting from these individual effects. All possible combined effects 
on the concentration of a certain complex upon an increase in V/III ratio 
or [SÌH4] are given in table 2. For the pair-symbol " Ц " the only possible 
combined effect is of course an increase. For the pair-symbol и | - я there are 
four possibilities, viz. a steady increase, first increase and then constant, 
constant, and first constant and then increase, dependent upon which defect 
limits the pair concentration. The last effect in practice is not probable, 
since the number of pairs is determined mainly by the defect which has the 
lowest concentration, thus when the combined effect is firstly constant the 
only possibility is to remain constant or to decrease. In table 2 this non-
practical combined effect together with two other of its sort are nevertheless 
given for completeness, but are drawn in dashed Unes. 
We now apply the above discussed pair-symbol system to the identifi­
cation of the T l and T2 peaks. First of all we will translate the observed 
trends of the T l peak and the T2 peak with the V/III ratio and the input 
[SÌH4] as given in fig. 4 into pair-symbols. After this, the corresponding 
complex pairs can be deduced from table 1 by the similarity in symbol be-
havior. The results are shown in table 3. It can be seen that there is only 
one possible candidate for the T l peak, viz. дв — Asea which is a (D-D) 
complex and two candidates for the T2 peak, viz. дв — SIAS (D-Α) and 
VAS — Sica (D-D). As was mentioned in the beginning of this section, we 
have performed this analysis for the case of Si-doped GaAs. In the case of 
Si-doped Al
x
Gai_
x
As, there could be two more possible point defects in 
the form of Ali and А1л8 · For the studied trends with the V/III ratio and 
the input [SÌH4], these two defects will behave similar to that of Gai and 
Сад,,, respectively. Since the latter defects do not appear in table 3, the 
appearance of the corresponding Al-point defects is not expected either. So 
only one candidate remains for the T l peak which is the да — ASQH, or 
more generally the VAS — Asm complex. 
Concerning the assignment of the T2 peak, it is surprising that in 
addition to the VAS — SIAS complex, which was already given in section 4, 
198 
Chapter 8: Photoluminescence and electrical, 
12 D-Α poirs 
\\ t t SiGa-S¡As 
ft t | SiGa-VGo 
\\ t - SiGa-G°As 
| | t | VAs-SÎA8 
t j | | vAs-vGo 
| | - | V A g - G a A s 
| | t - ^ i - SiAs 
t | - | ^ І Г . У С О 
|| - _ C o i " G aAs 
t | t - A 9 G a - S iA3 
t í - | Asco" vGo 
t | — A s Go- GoAs 
6 D-D pairs 
t | t | S i G o - V A s 
t | t - s i G o - Goi 
f t I - SiGa - A9Go 
II -| \As:j°i 
t | - | v A s - AsGo 
t | — G a i - AsGo 
3 N(D)-A pairs 
t | I" Asi-S'As 
tí - | АЧ- Са 
t | — A s i - G a A 9 
4 N(D)-D pairs 
tt t - Asi-Sico 
t | -| ts.í:.v.A_s 
f | — As^-Ga^ 
tt — Asi-Asca 
Table 1. 25 possible pair complexes of two point defects out 
of Sic», SÌA., Ve», VAa, Са
ь
 GaA., ASQ», and M · At the 
left hand side of each complex two groups of pair-symbols 
are given. The first pair-symbol shows the effect of the V/III 
ratio and the second the effect of the SÌH4 input mole frac-
tion on the concentrations of the individual point defects 
in the complex. The symbols "f, "j" and "-" mean re-
spectively that the concentration of the related point defect 
will increase, decrease or remain constant for an increase in 
V/III ratio or [SÌH4]. The four underlined complexes will be 
unstable. 
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Ipair- s y m b o l s ^ - — T ,
 L . j « χ | ^ ^ - - ^ p o s s i b l e combined effects 
tt 
t-
tl 
-1 
II 
s· 
s- s— - --' 
s* s~^ \ »».*» 
— ^ — \ --. 
\ 
Table 2. Possible combined effects of the various individual 
actions as represented by the pair-symbols. The dashed lines 
represent the actions which are theoretically possible, but in 
practice not expected. 
there is another candidate which can explain the observed trends, namely 
VAS — SÍG». An argument in favor of the VAS — SÌA» complex may be 
that the decrease of the T2 peak intensity for increasing V/III ratio is very 
strong (fig. 4b), which more likely would be expected for VAS — SÌASJ which 
has the pair-symbol "il", than for дв - Sica with the pair-symbol " I f . 
But this is not a decisive argument. 
6. E x p l a n a t i o n s for t h e electrical behavior. 
In section 3 we mentioned the abnormal transport behavior of the 
(110) samples. It was shown that, compared to the samples grown on the 
(100)2o(110) and ( l l l ) G a orientations in the same growth runs, the (110) 
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peak 
name 
T1 
T2 
observed trends 
with 
V/lll SiH4 
^ - ^ 
possible 
pair-symbols 
t» -i 
11 ti 
tí и 
-\ »ι 
resulting 
defect-pairs 
v A s - A s G a 
v A s - S i A s 
S i G a - V A s 
no 
corresponding 
complex 
Table 3. The results of the identification for the T l and T2 
peaks based on the pair-symbol system. 
samples have a higher carrier concentration and lower mobility. Apparently 
the large reduction of the carrier concentration due to the DX center, as 
is evident for (100)2o(110) and ( l l l )Ga, is compensated for (110) by an 
electrically active donor center. It was found in the PL studies that the 
main difference between the (110) samples and the samples with the two 
other orientations is the appearance of the T l and T2 peaks. Especially the 
T l peak is of importance because it is exclusively observed on the (110) 
oriented sample. The T l peak weis assigned to the VAJ — AsQa (D-D) 
complex. The T2 peak was assigned to the VAS — SiAs (D-Α) complex, or 
to the V A i - Sica (D-D) complex. 
The difference in carrier concentration between the (110) orientation 
and the two other orientations, in our opinion may be explained by the 
presence of the T l and T2 complexes in the (110) samples. Although the 
ionization energies of these complexes are not known, we may assume that 
these defects contribute to the carrier concentration, in this way partly 
compensating the influence of the DX centers. This explains the higher 
carrier concentration for (110) as compared to (100)2o(110) and ( l l l )Ga, 
where only the DX centers are present (assuming that all Sica are in the 
form of DX). It seems likely that the expected donor activity from the 
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complex centers in the (110) case will come from the VAB — Sica complex, 
which consists of a D-D pair. The D-D interaction will shift the shallow 
level of SÍQH to a position deeper into the gap, but apparently in such a 
way that ionization is still possible. Also the Υχβ — ASG* complex may 
contribute to the carrier concentration, since the mobility data (see next 
paragraph) indicate that this complex is ionized. The alternative possibility 
for the T2-defect viz. д , — SÌASJ which consists of a D-Α combination, is 
less likely to act as a donor. Finally, the behavior of η as a function of the 
У/111 ratio (fig. 2a) and [SÌH4] (fig. 2c) might be explained as a result of a 
combined effect of the DX centers and the complex levels. 
The presence of these complexes should also account for the lower mo-
bilities of the (110) samples. By comparing the mobility values with the 
T l peak intensities (fig. 2b with fig. 4a, and fig. 2d with fig. 4c), a fair 
correspondence is obtained, i.e. a decrease in the PL intensity corresponds 
to an increase in the mobility, both for the V/III ratio and for the [SÌH4] 
variation. This means that VAS — Ааса> which is a D-D complex, must be 
singly ionized since neutral pairs do not contribute significantly to scatter­
ing and D + - D + pairs would not be stable. In our opinion it would be too 
speculating to say something about the ionization process of the complex, 
because even the ionization energies of the individual defects, AsQa and 
VAS, are not really known. 
The observed behavior of the mobility and the PL intensity of T l as 
a function of XAI (fig- 2f and fig. 4e) is not really consistent with the above 
view. This may be explained by the large variations in the values of XAI, 
which makes this comparison not really trustful. 
No clear relationship can be established between the mobility and the 
T2 peak intensity. Possible reasons why the mobility is not coupled to T2 
(VAS — SiAe or VAS — Sica) are (i) the concentration of this complex is low 
(although it should have a high luminescence efficiency to account for the 
nearly equal PL intensity compared to Tl ) and (ii) the T2 complex consists 
of a D+-A~ pair (a dipole), of which the scattering cross-section is low [26]. 
If the latter is the case, the assignment of the T2 complex to VA* — SÌAS 
would be more probable than to VAS — SiQa· 
The reason why the T l peak ( АЯ — AsQa) only is observed on the (110) 
samples is at present not really known. However, a plausible explanation 
can be given based on a difference in the step or kink sites configuration at 
the growth front. When a silicon species is adsorbed, it is most probably 
in the form of the radical SÌH2, where the two hydrogen bonds form an 
angle of 93° with a Si-Η bond length of 1.52 Á [27,28] (a normal Gar As 
bond length in GaAs is 2.40 Â). One of the important growth steps at the 
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[no] 
[001] 
^ Ga 
V As 
SÌH2 
Fig. 6. Schematic side view of a (110) surface. An adsorbed 
SiHa molecule is present at the lattice site (Sioa) of the [001] 
step. A distorted As atom is shown in dashed lines. 
(110) surface is along the [001] direction. The only position where Ga or 
As species can form two bonds - which is necessary for incorporation - is at 
the kink site in this step. As a result, growth can only occur in a so-called 
zipper way. Similarly the incorporation of Si is expected to take place at 
the kink site, most probably at a Ga kink site since [Sica] > [SIAS]· The 
introduction of an Silb unit at this Ga kink position may lead to steric 
hindrance due to the H-atoms, which can result in the creation of an As-
vacancy. Also a lattice distortion may result, which can be compensated 
by the creation of an antisite defect (AsQa) (see fig. 6). Steric hindrance 
on (110) is not expected for the growth species GaCHs and AsH or As 
[29] since these molecules have simpler molecular structures than SÌH4. 
The steric hindrance by SÌH2 is neither expected on the (100)2° (110) and 
( l l l )Ga surfaces because of an absence of the channel like [001] steps at 
these surfaces, i.e. the absence of the zipper like growth mode. 
One essential point has not been clarified at all, i.e. what is the specific 
role of Al? As the formation of the Tl and T2 complexes are not directly 
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related with Al, one might think that similar complexes may be present 
in Si-doped GaAs as well. However, PL measurements made on several 
Si-doped GaAs samples in the energy range of 1.1 to 1.6 eV - which would 
be the corresponding energy interval for T l and T2 in GaAs - did not 
show any apparent differences between the (100)2o(110) and (110) samples. 
The unambiguous presence of the T l and T2 complexes in the case of 
A l x G a i - x A s may firstly be due to the presence of the DX centers, which 
lowers the overall carrier concentrations to such an extent that the relatively 
small effect of VAS — ASQ» and VAB — SÌAB or VA» — Sio» can be perceived, 
and secondly, due to the presence of Al itself which introduces some strain 
in the lattice because of the small lattice difference between AlAs and GaAs. 
This lattice difference makes the Al x Gai_ x As material itself less stable than 
GaAs and therefore leaves more room for the formation of point defects and 
complexes. 
7. Conclus ion. 
Based on a systematic study of Si-doped, η-type Al
x
Gai_
x
As as a 
function of the SÌH4 input mole fraction, the V/III ratio and the aluminum 
fraction, it was found that the layers grown on (110) substrates show abnor-
mal results in the electrical measurements. The carrier concentrations of 
the (110) layers are higher whereas the Hall mobilities are lower than those 
of the (100)2o( l l0) and the ( l l l ) G a layers. Two new PL emissions were 
observed in the (110) layers. One emission (Tl) is in the range between 
1.71 and 1.80 eV, while the other (T2) varies between 1.80 and 1.86 eV. 
The T l peak was exclusively found on the (HO) layers while the T2 peak 
occasionally could be observed on the two other orientations. Based on a 
systematic analysis of the possible D-Α (donor-acceptor) and D-D (donor-
donor) complexes, the T l peak has been assigned to the VAB — ASG* (D-D) 
complex. The T2 peak has been shown to be related to the VAS — SÌA« 
(D-Α) or the VAS — Sica (D-D) complex. We have demonstrated the value 
of a pair-symbol analysis for such a peak identification. 
Based on these results an explanation could be given for the differences 
found in the electrical measurements. The lower mobilities on the (110) 
layers are due to the presence of the above complexes, especially the T l 
complex, whereas the higher carrier concentration in the (110) layers may 
originate from a combined contribution of the T l and T2 complexes. 
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Chapter 9 
Return flows in horizontal MOCVD reactors 
studied with the use of ТІО2 particle injection 
and numerical calculations. 
E.P. Visser, C R . Kleijn, C.A.M. Govers, C.J. Hoogendoorn 
and L.J. Giling. 
Abstract. 
Flow visualization experiments with the use of ТІО2 particles were per­
formed for a horizontal MOCVD reactor which was resistance-heated from 
below and water-cooled on top. It is shown that, due to the heating of the 
incoming gas, very pronounced return flows can occur at the leading edge 
of the heated susceptor. The formation of these return flows was systemat­
ically studied as a function of pressure, flow velocity and temperature. We 
show that for typical flow rates, carrier gases and reactor design used in 
MOCVD growth of GaAs and AlGaAs, it is possible to avoid return flows 
by decreasing the pressure to about 0.2 X 106 Pa. Besides these experimen­
tal studies also numerical calculations on gas flows based on the differential 
equations for the conservation of mass, energy and momentum were per­
formed, using a 2-dimensional finite difference procedure. Parameters in 
this study were again pressure, flow velocity and temperature, and in addi-
Journal of Crystal Growth 94 (1989) 929. 
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abstract (continued) 
tion also the height of the reactor and the type of carrier gas were varied. In 
comparing the results obtained by the flow simulation experiments and the 
numerical calculations, it is found that the occurrence of return flows is pre­
dicted accurately by the numerical flow calculations. Small differences can 
be ascribed to three dimensional effects which are not included in the 2D 
numerical calculations. Both flow visualization experiments and numerical 
calculations show that the occurrence of return flows is mainly determined 
by only two dimensionlese hydrodynamic numbers: the Grashoff number 
Gr and the Reynolds number Re. It is possible to define a number а
сг
ц 
such that no return flow occurs for Gr/Re* < а
ег
ц. Here к equals 1 for 
small Reynolds numbers (Re < 4) and goes to 2 for larger Reynolds num­
bers (Re > 8), being independent of all other hydrodynamic parameters. 
The critical value а
сг
ц was found to depend slightly on the temperature 
difference and is independent of all other parameters. The criterion is con­
firmed by both the ТіОг experiments and the numerical calculations for 
0.1 < Re < 10 and 10 < Gr < 10000. 
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1. In t roduct ion . 
Metal Organic Chemical Vapor Deposition (MOCVD) is now widely 
used for the fabrication of electronic and optical semiconductor devices. In 
order to realize smaller dimensions and more sophisticated device proper-
ties it is essential to obtain thin layers, abrupt junctions and precise control 
over composition and dopant levels. Special designs for rapid gas switching 
systems have been developed [1]. Furthermore it is emphasized by many au-
thors [2,3,4] that decreasing the pressure in the MOCVD process is a means 
to meet the requirements mentioned. Reduction of the level of autodoping, 
reduced gas phase reactions, better uniformity across the wafer and sharp 
interfaces are reported for MOCVD at reduced pressure [5]. 
As far as the sharpness of interfaces is concerned the role of fluid dy-
namics is often not fully appreciated. Many reactor designs lead to dead 
volumes which prevent a rapid switching from one gas source to another. 
Typical dead volumes exist in vertical reactors with rectangular corners or 
non-streamlined inlets [6,7]. In horizontal reactors dead volumes can exist 
in front of tilted susceptors which act as ramps in the gas flow [8]. Although 
many fluid dynamical studies have been performed for MOCVD reactors of 
different shapes [9,10], most of them are dealing with the question of how 
to obtain uniform growth inside the whole reactor under stationary oper-
ating conditions. Thus some models have been developed which couple the 
fluid dynamics and diffusion of growth species to the chemical kinetics in 
the decomposition region [11,12]. In this way the relation between fluid dy-
namical parameters and the process of crystal growth has been established. 
Van de Ven et al. [13] have shown that for a horizontal MOCVD reactor it 
is possible to formulate some reasonable approximations in order to arrive 
at analytical solutions for the diffusion of growth species which prove to be 
in agreement with the observed growth rates. Recently it was shown by 
Ouazzani et eil. [14] that some discrepancies in the growth results of this 
analytical model could be solved by the incorporation of thermo-diffusion 
into a 2-dimensional numerical calculation for the horizontal reactor. 
Suggestions for a better streamlining of MOCVD reactors in order to 
avoid flow disturbances in the entrance region have been put forward [15]. 
Yet, a severe problem remains. Even inside a perfectly streamlined reactor 
very pronounced return flows may develop due to the sudden heating of the 
cold gases when they reach the hot susceptor. In this way a recirculation 
acting as a memory cell will be created, which prevents the rapid switching 
from one gas mixture to another. Recently a systematic study of factors 
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HEATED SUSCEPTOR 
Fig. 1. Longitudinal and transversal rolls. 
(a) Longitudinal rolls: spiral rolls with axes in the main flow 
direction. 
(b) Transversal rolls: axes in cross stream direction. 
impairing the abruptness of junctions has been carried out by van Opdorp 
and Leys [16]. To our knowledge this is the first time that the importance 
of memory cells has been mentioned explicitly. 
Recirculating flows in horizontal MOCVD reactors heated from be-
low may result from the interaction between the main flow and buoyancy-
induced secondary flows. This phenomenon is known as mixed convection 
and has been the subject of many studies, both experimental (e.g. [17-21]) 
and numerical (e.g. [22-26]). In these studies most authors were primarily 
interested in the heat transfer increase caused by the longitudinal rolls, i.e. 
buoyancy-induced spiral rolls with their axes in the main flow direction 
(fig. la). These rolls occur when the dimensionless Rayleigh number Ra 
exceeds a critical value R&critjong which was found to be 1708, independent 
of the imposed main flow. Longitudinal rolls however, although important 
in MOCVD reactors as far as their influence on growth non-uniformity is 
concerned [9], do not act as memory cells. 
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Memory cells are formed by transversal rolls with axes in the cross 
stream direction (fig. lb). Little is known about the occurrence of transver-
sal rolls. Probably due to their small contribution to heat transfer they are 
not mentioned in experimental studies on mixed convection [17-21]. Also 
these rolls are not observed in a number of numerical flow simulation stud-
ies on mixed convection [22-26]. This can be explained from the numerical 
scheme used in these studies, which was parabolic in the main stream di-
rection and therefore unable to resolve transversal rolls. 
Recently Chiù and Rosenberger [27] published an experimental study 
on mixed convection between horizontal, differentially heated plates. By 
using laser Doppler anemometry longitudinal rolls were observed which 
became instationary under certain hydrodynamic conditions. This ef-
fect is ascribed to the admixture of transversal rolls. The combina-
tion of these transversal rolls with longitudinal rolls and forced flow re-
sults in a "snaking", time dependent flow. This phenomenon was found 
for Ra > R&crU,tran»{Re) > R&crit.iong, with Racr^.tro,,,(Re) a critical 
Rayleigh number for the onset of transversal rolls as a function of Re. 
In this study we will present a criterion for the occurrence of buoyancy-
induced memory cells in horizontal MOCVD reactors, primarily based on 
Gr and Re only, with a small influence of a third parameter: the dimension-
less temperature difference. Here Gr is the dimensionless Grashoff number, 
with Gr w Ra/0.7 for gases. The criterion is confirmed by both flow visu-
alization experiments and numerical flow calculations. 
2. Scope of this study. 
For studying gas flow patterns inside MOCVD reactors several ex-
perimental techniques are available. Laser Doppler anemometry [28] is a 
technique by which the local gas velocity can be measured. By Schlieren 
techniques [28], and by the more powerful method of interference holog-
raphy [29], one measures density variations which can easily be correlated 
to the temperature profiles. A direct way of flow visualization is obtained 
by the injection and illumination of particles which follow the streamlines 
of the carrier gas. ТІО2 is a suitable candidate for this purpose because 
of the small particle size and the thermal stability. Flow visualization by 
phosphorescence of biacetyl molecules has been reported by Itoh e.a. [30]. 
Although the authors pretend to study flow phenomena in CVD reactors, 
their experiments have all been carried out at room temperature without 
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the hindrance of the thermal decomposition of biacetyl which occurs at 
temperatures normally used in CVD processes. 
In order to tackle the gas flow problem theoretically several approaches 
can be taken. Although the governing equations cannot be solved analyt­
ically, a semi-analytical approach can be taken if one is interested in ob­
taining criteria to describe a certain phenomenon relevant to a well defined 
problem. For instance the appearance of longitudinal convection rolls for 
Rayleigh numbers above R&crit.long = 1708 has already been mentioned. 
In a similar way the transition from laminar to turbulent flow occurs at the 
Reynolds number Re
c r
, t fa 2300. Probably the most promising approach 
to arrive at a solution of the flow problem is the solution of the complete 
set of differential equations in discretized form using numerical computer 
programs. Especially for laminar flows, as in MOCVD reactors, these tech­
niques have proved to be very flexible and reliable over the last two decades. 
However, differences between numerical calculations and experimental re­
ality remain possible. On the one hand there will always be experimental 
uncertainties, especially about the gas properties and the boundary condi­
tions, so that the input parameters for the numerical calculations are not 
exactly known. On the other hemd in numerical calculations one often has 
to make compromises due to the large computational efforts required. One 
is often restricted in the choice of computational grid refinement, and more­
over 2-dimensional models are frequently used for problems which are in 
fact 3-dimensional. These facts emphasize the importance of the validation 
of numerical flow calculations by some physical experiments. 
The route that we have taken for the study of return flows in a hor­
izontal reactor is the following. Direct observation of the flow pattern at 
low pressure, for different flow rates, temperature differences, pressures and 
carrier gases, has been realized by TiOj smoke injection. Special care has 
to be taken with the interpretation of the results because ТІО2 particles 
have larger size and mass than the gets molecules, and therefore behave dif­
ferently as a result of particle fall-out and thermo-diffusion. Parallel to the 
smoke experiments 2-dimensional numerical calculations have been carried 
out. The numerical calculations allowed easy variation of parameters such 
as pressure, flow rate, temperature, carrier gas and reactor height over a 
wide range of values. Combination of both methods led to the possibility 
of formulating a criterion for the occurrence of return flows valid for the 
entire parameter range used in MOCVD of GaAs and AlGaAs. In addition 
to the already mentioned criteria for laminar or turbulent flow (Recr¿t) and 
for longitudinal convection rolls (Racr¿t,/one) we present a third number 
which is essential for the optimization of the crystal growth in horizontal 
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MOCVD reactors. Thus a reactor designer will be provided by a handy 
means to sort out the reactor geometry and the hydrodynamic parameters 
in such a way that no return flows will occur. 
3. T i 0 3 experiments. 
The smoke experiments were performed in a quartz reactor with a rect­
angular cross section (height: 40 mm, width: 50 mm) which was resistance 
heated from below and water cooled on top across its full width (fig. 2). In 
order to avoid purely dynamical entrance effects the fitting of the quartz 
tube to the piping system was realized by an inlet with a very small tilt 
angle (4.8°) relative to the tube. Heating of the bottom and cooling of the 
top of the cell start at 180 mm and 90 mm from the inlet, respectively. 
The relatively long distance from the inlet to the heated zone guarantees 
that all dynamical entrance effects will have disappeared completely in the 
region were the memory cells occur. Indeed, it will be shown later by the 
numerical calculations that the vertical velocity profiles have the form of a 
fully developed laminar Poiseuille flow. 
Smoke particles of TiOa are created by leading part of the carrier 
gas, saturated with ТіСЦ, through an area saturated with water vapor 
where the reaction ТіСЦ + 2H2O —* ТІО2 + 4HC1 occurs. In this way, 
the mixing of the carrier gas with ТІО2 particles takes place already in the 
piping system, which results in a more homogeneous mixing than in the 
case of smoke creation inside the reactor inlet. The particles are illumi­
nated from above by a sheet of light originating from a Не/Ne laser and 
a cylindrical lens, which makes it possible to select well defined areas for 
investigation. A camera is situated along one of the sidewalls of the reactor 
at 90° to the laser light. Low pressure inside the reactor is realized by a 
normal rotary pump, where special attention has been paid to the filtering 
of ТІО2 particles, which would otherwise seriously damage the pump. 
In order to get a rough estimate of the particle size we collected some 
of them on a glass plate inside the reactor inlet, and measured their size 
on magnified pictures. With hydrogen as carrier gas the average diameter 
was found to be 2 μιη. The fall-out of the smoke particles can now be 
calculated using Stokes' law: Fy = ^яіРрд + 6πμΗν, which equates the 
gravitational force Fy to the buoyant force and the drag exerted on the 
ТІО2 particle falling with a downward velocity —v. Here R is the particle 
radius, g is the gravitational constant (g < 0), ρ is the density and μ 
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Fig. 2. Schematic side view of the experimental set-up for 
the ТІО2 experiments. The length of the rectangular part 
of the reactor is 465 mm. Heating and cooling of the reactor 
start at 180 mm and 90 mm from the inlet, respectively. The 
length of the heater is 255 mm. The region where memory 
cells occur is indicated. The Не/Ne laser can be translated 
across the length and the width of the reactor. A camera is 
situated at 90° to the sheet of laser light. 
the dynamic viscosity of hydrogen (a list of symbols can be found at the 
end of this paper). Using Fy = ^жі^рр^^д, where Ppart is the density 
of the ТіОз particle, we calculate that ν = 0.10 cm/sec. This result is 
also valid at low pressure because in the region of interest μ is essentially 
independent of pressure, and Ppart 2* P· For the same reason we may 
conclude that the horizontal drag exerted by the carrier gas on the ТІО2 
particles is also pressure-independent, therefore the particles will follow 
the motion of the carrier gas quite accurately even at reduced pressures. 
Direct measurement of the particle fall-out for the isothermal case showed a 
214 
Chapter 9: Return flows in horizontal MOCVD reactors, 
downward displacement of about 0.5 cm at the end of the reactor tube (46.5 
cm away from the inlet), in case the flow velocity was set at 4.2 cm/sec. 
This is even a factor 2 smaller than the prediction based on Stokes' law. 
We therefore conclude that the average particle diameter must be even 
smaller than 2μτη. The above consideration is valid for room temperature, 
where thermo-diffusion is not taken into account. Since a large part of the 
memory cell is located in a region where no strong temperature gradients 
exist (which will be confirmed by the numerical calculations in section 5), 
it is reasonable to assume that also in the non-isothermal cases thermo-
diffusion does not significantly hamper the visualization of memory cells 
by smoke particles. The above considerations show that the investigation 
of memory cells by ТІО2 particle injection yields reliable results also at 
lower pressures and for non-isothermal reactors. 
In fig. 3a the presence of a memory cell is clearly visible. Also visible 
in this picture is the bouncing away of the smoke particles above the heated 
part of the reactor, which is caused by thermo-diffusion and gas expansion. 
The carrier gas was H2 and the heater temperature was maintained at 1020 
K. The total flow rate and the pressure were 2.5 slm and 0.50 X 105 Pa 
respectively, so the entrance velocity u,'
n
 is calculated to be 4.2 cm/sec. By 
entrance velocity we mean the average gas velocity just at the beginning 
of the rectangular part of the reactor, where room temperature conditions 
still hold. The leading edge of the heater is indicated by the vertical bar. In 
this region, where the heating of the cold gas takes place, the memory cell 
is clearly visible. The water cooler (in which some air bubbles are present) 
on top of the cell is also visible in this picture. The Reynolds number for 
these flow conditions is Re = 2.10. This number was calculated using 
Re = £ ^ ^ , (1) 
Href 
where u¿n is again the velocity of the incoming gas at room temperature, 
h is the reactor height, pref and /ire/ are respectively the density and 
viscosity at the reference temperature: Tref = 5(T¿n + Ть), with T¿n = 
temperature of the incoming gas, T^ = temperature of the heater. The 
second hydrodynamical number which will prove to be important is the 
Grashoff number 
G r
= J'T , > (2) 
with ΔΤ = Th - Ti
n
. For the above flow conditions we calculate Gr = 1100. 
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Fig. 3. ТІО2 experiments: Influence of pressure reduction 
on memory cells at constant flow rate. 
(a) Ρ = 0.50 χ IO5 Pa, q = 2.5 slm, u ^ = 0.042 m/s 
(b) Ρ = 0.35 X IO5 Pa, q = 2.5 slm, u,„ = 0.060 m/s 
(c) Ρ = 0.25 χ 10s Pa, q = 2.5 slm, uin = 0.084 m/s 
(d) Ρ = 0.15 χ 10δ Pa, q = 2.5 slm, щ
п
 = 0.140 m/s 
The next series of pictures (figs. 3b-3d) shows the elimination of 
the memory effect when the pressure is decreased from 0.50 χ IO5 Pa to 
0.15 χ 106 Pa. In fig. 3b the pressure has been decreased to 0.35 x 105 Pa. 
One clearly sees that the memory cell is less pronounced. The decrease 
of the pressure, while the total flow rate weis kept constant, will yield an 
increase of the horizontal flow velocity. In this case the flow velocity weis 
Uj
n
 = 6.0 cm/sec. The Reynolds number however, is unchanged but the 
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Fig. 4. ТІО2 experiments: Influence of pressure reduction on 
memory cells at constant inflow velocity, (a) Ρ = 0.50 X IO 5 
Pa, q = 2.5 slm, и^„ = 0.042 m/s 
(b) Ρ = 0.35 χ 105 Pa, g = 1.7 slm, υ.« = 0.042 m/s 
(c) Ρ = 0.25 х ΙΟ5 Pa, qr = 1.2 slm, η
ίη
 = 0.042 m/s 
(d) Ρ = 0.15 X IO6 Pa, q = 0.8 slm, u .
n
 = 0.042 m/s 
Grashoff number decreases to Gr = 520. In fig. 3c the pressure is fur­
ther decreased to 0.25 χ 10 ε Pa, therefore Щп = 8.4 cm/sec. Re — 2.10 
(again unchanged), and Gr = 260. Fig. 3d shows the situation where Ρ = 
0.15 χ IO5 Pa, Uin — 14 cm/sec. Re = 2.10 and Gr = 95. From this series 
of pictures it is clearly seen that by decreasing the pressure the memory 
cell becomes less and less pronounced, while at Ρ = 0.15 χ 105 P a it has 
completely disappeared. It must be noted that the very bright region at the 
top of the reactor, which is seen in fig. 3d and to some extent also in fig. 3c, 
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is not caused by ТІО2 particles inside the reactor, but by the reflections 
of the laser light from the bottom of the water cooler and the top of the 
reactor cell. 
In order to investigate the influence of the pressure decrease without 
creating higher flow velocities at the same time, we performed a second 
series of measurements, in which the total flow rate was decreased in such 
a way that the flow velocities remained constant. The result of these ex­
periments is shown in figs. 4ard. Fig. 4a shows the same case as fig. 3a. 
In figs. 4b-d the pressure is decreased in the same way as in the previous 
series, but now also the flow rate has decreased from q = 2.5 slm in fig. 4a 
to q = 0.76 slm in fig. 4d. Therefore the entrance velocities are kept con­
stant at ut'n = 4.2 cm/sec in this series, which means that the Reynolds 
numbers are now decreasing from Re = 2.10 in fig.4a to Re = 0.62 in fig. 4d. 
The Grashoff numbers have of course the same pressure dependence as in 
the previous series. It is clear also from this series of experiments that 
the memory cell vanishes upon lowering the pressure. Further more it can 
be seen from the pictures that the disappearance is now less pronounced 
because of the simultaneous decrease of the flow velocities. This is clearly 
in accordance with physical intuition. 
In order to study the phenomenon systematically we have carried out 
more experiments in which the flow parameters were varied. From these 
experiments it follows that the magnitude of the Grashoff number relative 
to the Reynolds number (which determines the importance of free convec­
tion compared with forced convection) plays an essential role. Therefore, 
we summarize our results by plotting both numbers for each experiment on 
a log-log scale in fig. 5. Flow conditions for which return flows occur are 
indicated by a triangle, and those for which they are absent by a square. 
Intermediate situations, for which conclusions could not be drawn by the 
(visual) inspection of the ТІО2 patterns, are indicated by circles. The car­
rier gas in all situations was again hydrogen, and the heater temperature 
was maintained at 1020 K. As can be seen in this figure, the division be­
tween situations with and without return flows is indicated by a straight 
line. We deduce from fig. 5 that for Gr/Re* < a
cr
,t no return flow oc­
curs. For small Reynolds numbers (Re < 6) it follows that к = 1 and 
Gcrit = 80 ± 20, whereas for higher Reynolds numbers (Re > 6) the slope 
of the straight line seems to increase. This phenomenon also follows from 
theoretical considerations, as will be discussed in section 4. However, one 
should be careful in using criteria based on dimensionless numbers such as 
Gr and Re in CVD systems because of the largely varying fluid properties, 
caused by the large temperature differences. This makes the definition of 
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Fig. 5. ТІО2 experiments: The dependence of the occur­
rence of return flows on Re and Gr for r? = 2.5. Cases with 
return flows are indicated by triangles, cases without return 
flows by squares and transitional cases by filled circles. 
dimensionless numbers very delicate. In section 4 it will be shown that 
there is a relationship between Gr, Re and а
сг
ц through a third parameter 
гт, the dimensionless temperature difference between heater and incoming 
gas: 
rT - — ^ (3) 
•»in 
For the conditions of fig. 5, where Th = 1020 K, this temperature ratio is 
гт = 2.5. 
In order to study the influence of Γχ on the occurrence of return flows 
we carried out a second series of experiments in which Th = 870 K. This 
means that the temperature ratio has decreased to τχ = 2.0. The results are 
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IB 4 - , 
Fig. 6. ТІО2 experiments: The dependence of the occur­
rence of return flows on Re and Gr for rj· = 2.0. Cases with 
return flows are indicated by triangles, cases without return 
flows by squares and transitional cases by filled circles. 
shown in fig. 6. It again follows that no return flows occur when Gr/Re* < 
a
c r
,t, where к again equals 1 for small Re, but а
сг
ц has increased to а
сг
ц = 
190 ± 60. An increase in the value of к was not found for the range of Re 
numbers studied, but may possibly occur for Re > 8. 
4. Theory. 
Since our main interest in this study was the occurrence of memory 
cells in the form of transversal rolls with axes in the cross stream direction 
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and caused by a vertical temperature gradient aligned with the gravitation 
field, the hydrodynamic problem of flow and heat transfer in the MOCVD 
reactor was considered to be 2-dimensional. For numerical solution of the 
governing equations we described the MOCVD reactor (fig. 2) by the simpli-
fied geometry given in fig. 7. The flow and temperature field in the reactor 
can now be fully described by a set of 4 partial differential equations de-
scribing the conservation of mass, momentum and energy with appropriate 
boundary conditions. 
OOLQm T:n 
Fig. 7. Simplified 2D representation of the MOCVD reactor, 
used for numerical calculations, and the computational grid. 
Differential equations: 
continuity: 
¿ ( H + ^ P ^ O (4) 
horizontal momentum: 
д , о
ч
 д ,
 ч
 д ,„. du* д . du. д . д . 
-1JL( (En Ëi\\ _ ^ £ 
-
 ч я» v*' я» ' Qy ') ~ a~ Здх^кдх дх (5) 
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vertical momentum: 
д . . д . о, д
 / л 3υ. д . д . д . du. 
-(puv) + -(PV>) = ^ ( 2 ^ ) + Γχ(μΤχ) + ^ ( ^ ) 
- 3 ^ ^ + 5 i ; ) ) - ^ + W (6) 
energy: 
- ( p c p T u ) + ^ ( , с р Г ) = - ( A - ) + ^ ( A - ) 
Here u and ν are the horizontal and vertical velocity; Ρ and Τ are pressure 
and temperature; />, μ, Cp and A are the density, dynamic viscosity, specific 
heat and the thermal conductivity of the gas. In the energy equation (7) 
we neglected viscous dissipation and pressure labour. 
Boundary conditions: 
inflow: « = «,·„ v = 0 T = Ti
n
 (8) 
outflow : ^ ^ = 0 v = 0 ^ = 0 (9) 
ox ax 
upper wall : ti = 0 υ = 0 Τ = Τ
ίη
 (10) 
lower wall : u = 0 υ = 0 Τ = Γ,·„ (11) 
heater : u = 0 v = 0 Γ = Γ
Λ
 (12) 
The boundary conditions for u and Τ in the outflow assume fully devel­
oped velocity and temperature profiles at the end of the heated susceptor. 
The outlet boundary condition for ν follows automatically from the outlet 
boundary condition for и through the continuity equation and does not 
have to be imposed explicitly. 
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The gas properties ρ, μ, Λ and Cp in equations (4-7) can for most carrier 
gases used in MOCVD at the temperatures considered be approximated by 
relations of the form: 
p = c1PinT-
1; μ = ο2Τ
0
·
7; Х = с
а
Т
оа; cp = c4T
01
, (13) 
where Cj, с* are constants depending on the type of carrier gas. 
The hydrodynamics of the MOCVD reactor can now be seen to be fully 
determined by a set of 6 parameters: 7\
п
, щ
п
, Th, Pin, h and the type of 
carrier gas used (since the cold entrance region is long enough for the flow 
to reach fully developed conditions before reaching the heater and since the 
heated region is long enough for the flow to reach fully developed conditions 
again after being heated, the length (I) of the reactor is no parameter in our 
case). Using dimensionless quantities the equations (4-13) can be written 
in dimensionless form, which reduces the number of problem-describing 
parameters. We introduce dimensionless velocities, temperatures etc. in a 
way that is explained in the list of symbob. Furthermore we make use of 
the already denned Reynolds number Re (equation (1)), Grashoff number 
Gr (equation (2)) and temperature difference r? (equation (3)), and we 
introduce the Prandtl number Pr: 
Pr = t*"'0*'"' (14) 
Are/ 
We thus get: 
Differential equations: 
continuity: 
Л<Ю + а{«-о ОТ 
horizontal momentum: 
ri{pJ) + г.№) =Te [^(2,-) + -(А-) + T^Tì) 
2 д ,A,3Û , dt>u, дР 
-mMäi+φ-ΊΕ (5) 
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vertical momentum: 
----4Чр-/и (6') 
energy: 
Эу R e 2 r
r 
д ,«» ».
ч
 θ . . . * . . 1 г д ,«ЗГ
Ч
 5 .«ЗТ.і 
Boundary conditions: 
inflow : 
outflow : 
upper wall : 
lower wall : 
heater : 
Gas properties: 
û = l 
Эх 
ù = 0 
û = 0 
û = 0 
0 = 0 
t> = 0 
v = 0 
t; = 0 
ti = 0 
f = 0 
df
=o 
дх 
T = 0 
T = 0 
f = 1 
(8') 
(9') 
(10') 
(11') 
(12') 
ι 0.7 
- / 2 r r + l\ . (Тгт + 1, 
0.8 « 0.1 
2 Г Г + 1 2 ^ + 1 
From the above it is clear that a full description of the hydrodynamics is 
now determined by only four dimensionless numbers: Re, Gr, Pr and rj·. 
Of these numbers Pr can be dropped as parameter since for all carrier gases 
used in MOCVD Pr и 0.7, independent of pressure and temperature. A 
complete study on the occurrence of return flows can therefore be carried 
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out by varying Gr, Re and r? in the appropriate ranges. Finally, by sub­
stituting the first equation of (13') into the buoyancy term (last term on 
the right hand side) of equation f6') we get: ( ')  
\2 
R e ' r r Re-4 TrT + 1 
It can now easily be seen from (6'), (15) and (13') that τχ vanishes from the 
equations for rj- <C 1, resulting in constant ρ, μ, λ and cp and a buoyancy 
term G r / R e 2 r in equation (6'). The transversal rolls , induced by this 
buoyancy term, will be counteracted by the viscous and inertia terms in 
equation (6'), which are the first term on the right hand side and the two 
terms on the left hand side respectively. For large Re the viscous term 
will be unimportant, whereas for small Re the inertia terms do not play an 
important role. So, for not too large r? the occurrence of transversal rolls 
is expected to depend on Gr/Re2 for large Re, and on Gr/Re for small Re. 
5. Numerical flow calculations. 
The differential equations in dimensional form (4-7) presented in the 
previous section, completed with the boundary conditions (8-12) and the 
relations for the gas properties (13) were solved numerically. A control 
volume based finite difference discretization technique [31] was used. The 
solution procedure was fully elliptic and the momentum equations were 
linked to the continuity equation by means of the S IMP LEG algorithm 
[32]. We used a uniform computational grid with 19 grid points in the 
vertical direction and 28 grid points in the horizontal direction (fig. 7). 
Calculations were carried out on a HP 9000-560 minicomputer and took 
circa 50-100 min. CPU time to reach a converged solution for one flow 
situation. 
First we validated our numerical computer program by comparison 
with experimental flow visualization results presented in section 3. Figures 
8a-8d and 9a-9d give calculated streamlines for the cases corresponding to 
figures 3a-3d and 4a-d respectively. The qualitative agreement is striking 
and especially the occurrence of return flows is predicted accurately. This 
supports our assumption that return flows can be predicted on basis of 2D 
numerical calculations. Fig. 10a and fig. 10b give calculated isotherms for 
the situations of fig. 8a and fig. 8d. It can be seen that the temperature 
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x=OOSm Jln **018m Th x-Q28m 
Fig. 8. Calculated streamlines for situations corresponding to 
those in fig. 3. The flow rate equals q = 2.5 slm for all cases. 
(a) Ρ = 0.50 X 10Б Pa, u.
n
 = 0.042 m/s, Re = 2.1, Gr = 1100 
(b) Ρ = 0.35 x IO6 Pa, щ
п
 = 0.060 m/s. Re = 2.1, Gr = 520 
(c) Ρ == 0.25 х 10б Ра, щ
п
 = 0.084 m/s. Re = 2.1, Gr = 260 
(d) Ρ - 0.15 χ 10δ Ра, щ
п
 = 0.140 m/s, Re = 2.1, Gr = 95 
Streamline values are 0.05, 0.15, 0.25, , normalized at the 
incoming mass flow. 
profiles are not greatly influenced by return flows. The fully developed, but 
non-linear temperature profile is reached within a few centimeters after the 
beginning of the susceptor. 
To find a general criterion for the occurrence of return flows in hori­
zontal MOCVD reactors heated from below we carried out a great number 
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Fig. 9. Calculated streamlines for situations corresponding 
to those in fig. 4. The average flow velocity at the inlet 
equals «,·„ = 0.042 m/s for all cases. 
(a) Ρ = 0.50 χ IO5 Pa, q = 2.5 slm, Re = 2.1, Gr = 1100 
(b) Ρ = 0.35 x IO5 Pa, 7 = 1.7 slm, Re = 1.5, Gr = 520 
(c) Ρ = 0.25 χ IO5 Pa, q = 1.2 slm, Re = 1.1, Gr = 260 
(d) Ρ = 0.15 χ 105 Pa, q = 0.8 slm, Re = 0.6, Gr = 95 
Streamline values are 0.05, 0.15, 0.25, , normalized at the 
incoming mass flow. 
of additional calculations. We varied pressure (0.05 — 1.50 X 105Pa), flow 
rate (0.1 - 5.0 slm), carrier gas (N2 and H2), reactor height (0.01 and 
0.04 m) and heater temperature (435, 900 and 1020 K), thus covering a 
wide range of possible parameter settings in MOCVD. When expressed in 
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x-OOSm Ota m Х'ОЗВт 
Fig. 10. Calculated isotherms. Each isotherm represents a 
temperature difference of 73 K. (a) Isotherms for the situa­
tion of fig. 9a. 
(b) Isotherms for the situation of fig. 9d. 
the dimensionless numbers introduced previously, the range studied was 
0.1 < Re < 10, 10 < Gr < 10000 and 0.5 <rT< 2.5. 
To summarize our results we defined three types of flow situations in 
the MOCVD reactor: situations with return flow, situations without return 
flow, and transitional situations. The boundary between these situations 
is of course somewhat arbitrary. We defined situations with return flow as 
those cases in which negative horizontal velocities < -0.1 χ u
av
 appeared, 
with Uav the average horizontal velocity above the heated susceptor. Sit­
uations without return flows were defined as those in which the parabolic 
Poiseuille profile was not appreciably disturbed. All other cases were called 
transitional. 
As in the flow visualization experiments described in section 3, the 
occurrence of return flows was again found to depend on the criterion 
Gr/Re" > ctcrit- However, no significant dependence of а
СТ
ц on the relative 
temperature difference r? could be discerned from the flow calculations, al­
though TT was varied in a much wider range compared to the visualization 
experiments. Prom series of calculations for гт = 0.5, 2.1 and 2.5 values 
for aCTit in the low Re range of 190 ±70, 130 ±70 and 140 ±70 respectively 
228 
Chapter 9: Return flows in horizontal MOCVD reactora, 
Re 
Fig. 11. Numerical calculations: The dependence of the 
occurrence of return flows on Re and G г for 0.5 < r? < 
2.5. Cases with return flows are indicated by triangles, cases 
without return flows by squares and transitional cases by 
filled circles. 
could be deduced. As in the visualization experiments, these values suggest 
an increase of а
сг
а at decreasing »γ. This dependence on r? however was 
much smaller than found in the experiments and may even be completely 
absent. This is not surprising, since the buoyancy term in the vertical 
momentum equation (15) does not vary strongly with ry for average tem­
peratures (T ss 0.5). Because of the small differences for the calculations 
carried out at different r? we present all results in one figure (fig. 11). 
It can be seen that no return flow will occur for Gr/Re* < а
сг
ц. For 
the smaller Re (Re < 4) к = 1, as was predicted in the previous section and 
а
сгі< = 160 ± 100. For the larger Reynolds numbers (Re > 4) к increases 
to 2, which was also predicted in the previous section. 
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To take a closer look at the dependence of а
сг
ц on гт we varied Gr 
in small steps from 70 to 200, at Re = 1.0 for r? = 2.1 and 2.5. In this 
way a more precise value for а
сг
ц could be found. For r? = 2.1 horizontal 
velocities < —0.1 X ti
av
 were found for Gr > 175 ± 5, whereas for ry = 2.5 
this was the case for Gr > 165 ± 5. Again, α„α was found to decrease only 
very slightly for increasing ιγ. 
The same series of calculations were also carried out on a much finer 
grid with 40 grid points in the vertical and 60 grid points in the horizontal 
direction. Moreover the grid was locally refined in the horizontal direction 
in the region of return flows, thus decreasing the horizontal size of the grid 
cells by a factor 4 compared to the rough grid. With Re = 1.0 horizontal 
velocities < -0.1 X u
a
„ were found for Gr > 175 ± 5 and Gr > 160 ± 5 for 
гт = 2.1 and гт = 2.5 respectively. It may therefore be concluded that 
the rough grid which was used in most calculations gives accurate results 
in predicting return flows. 
6. Discussion of results. 
From flow visualization experiments and numerical flow calculations 
it is found that return flows at the leading edge of the heated susceptor 
will occur when the ratio Gr/Re" exceeds a certain critical value a
c r
, t. For 
small Re (Re < 4) the exponent к was found to equal 1, as was predicted 
theoretically. On the same theoretical grounds it is expected that к will 
increase to 2 for large Re. Indeed, both flow visualization experiments and 
numerical calculations suggest an increase of к for larger Re (Re > 8). How­
ever, neither experiments nor calculations were carried out at sufficiently 
large Re to check the precise value of к at large Re. 
The flow visualization experiments show a slight dependence of a
c r
, t 
on the relative temperature difference ry. For ry = 2.0, а
сг
,< was found 
to be 190 ± 60 whereas for ry = 2.5 а
ст
ц was found to be 80 ± 20. In the 
numerical flow calculations a much weaker dependence of а
ст
ц on ry was 
found and in fact all situations could be described by a
e r
, t = 160 ± 100 for 
0.5 < ry < 2.5. It is therefore assumed that the influence of ry on acr¿t is 
mainly caused by three dimensional effects, which are not included in the 
2D numerical calculations. Especially, the linear temperature profile in the 
quartz sidewalls will influence the non-linear temperature profile in the gas. 
This latter non-linearity is caused by the strong dependence of the thermal 
conductivity of the gas on the temperature and will be less pronounced for 
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Fig. 12. The dimensionless temperature Τ as a function of 
the dimensionless height y, calculated by the numerical pro­
gram for a vertical cross section of the reactor far enough 
beyond the leading edge of the heated susceptor for the tem­
perature profile to be fully developed. 
smaller гг. In fig. 12 we show calculated vertical temperature profiles for 
гт = 0.5 and r-r = 2.5, compared with a linear profile. It is clear that the 
disturbance of the temperature profile in the gas as calculated in the 2D 
numerical model by the temperature profile in the quartz sidewalls will be 
more pronounced at higher rr- This may explain the small influence of гт 
on return flows. 
In fig. 13 we compare the present experimental and numerical results 
with experimental results of Chiù and Rosenberger [27]. Chiù and Rosen-
berger observed transversal rolb in an indirect way by measuring their 
influence on longitudinal rolls by means of laser Doppler anemometry. The 
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Fig. 13. Comparison of the present results with those of 
Chiù and Rosenberger [27]. 
1) Present experimental results for r r = 2.0. 
2) Present numerical results for 0.5 < τχ < 2.5. 
3) Present experimental results for rr = 2.5. 
4) Experimental results by Chiù and Rosenberger. 
combination of transversal rolls with longitudinal rolls and main flow caused 
a "snaking", time-dependent motion. In view of this different way of ob-
serving transversal rolls, the different Re-Gr region considered, the slightly 
different definitions of Re and Gr and the fact that r? w 0 in these exper-
iments, the agreement between the present results and those of Chiù and 
Rosenberger is very satisfying. 
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7. Summary and conclusions. 
The occurrence of return flows (transversal rolls) in horizontal 
MOCVD reactors heated from below was studied both experimentally by 
means of ТІО2 particle injection and theoretically by solving the 2D flow 
equations numerically. 
ТІО2 particles have proved very successful for flow visualization in 
MOCVD reactors even at reduced pressures of 0.1 x 106 Pa. An interest­
ing phenomenon is the appearance of an almost particle-free zone above 
the heated susceptor. This is ascribed to the combined effect of thermo­
diffusion and expansion of the carrier gas and not to the existence of a 
stagnant boundary layer. 
By solving the 2D Navier-Stokes equations for the gas flow and the 
energy equation for the temperature distribution in MOCVD reactors nu­
merically, an accurate prediction could be made for the occurrence of return 
flows. Also, numerical calculations gave the possibility of studying return 
flows at a wide range of hydrodynamic conditions. 
Flow visualization experiments and numerical flow calculations on the 
occurrence of return flows were in clear agreement. Both approaches show 
that the occurrence of return flows is mainly determined by only two di-
mensionless numbers, the Re and Gr numbers. Return flows will occur for 
Gr/Re* > a
c r
i t , with к = 1 for small Re and к increasing to 2 for larger 
Re. 
For reactor design purposes we may summarize our results by the 
following engineering criterion, valid for the full range of hydrodynamic 
conditions commonly used in MOCVD: To make sure that no return flows 
will occur in horizontal reactors the ratio Gr/Re should be taken well below 
60 for the range of Re numbers common in MOCVD (Re < 10). In using 
this criterion one should of course be careful in using the same definitions 
of Gr and Re as was done in this study. In combination with the criteria for 
the onset of longitudinal rolls (Ra > 1708) and turbulent flow (Re > 2300) 
our criterion forms a handy means for determining reactor geometry and 
hydrodynamic parameters. In practice, return flows can be avoided by 
increasing the flow rate or decreasing the pressure. The latter seems more 
favorable because in that case the (expensive) growth species are more 
economically used, and because of the already mentioned advantages of 
reduced pressure MOCVD. 
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List of symbols. 
symbol description dimension 
cp,ref 
Cp 
9 
Gr 
Λ 
I 
Ρ 
Pin 
Ρ 
Pr 
Я 
R 
Ra 
specific heat of the gas 
specific heat of the gas at Г = Т
те
/ 
dimensionless specific heat = cp/cPiref 
total vertical force exerted on smoke particle 
gravitational acceleration (g < 0) 
GrashofF number = (gp^
ef Λ
3ΔΓ)/(μ^/Τ,η) 
height of the reactor 
length of the reactor 
pressure 
pressure at reactor inlet 
dimensionless pressure 
= {P + Pin9y)/{PrcfuJ
n
) 
Prandtl number = (Mre/Cp,re/)/A
re
/ 
flow rate 
radius of smoke particle 
Rayleigh number = Gr χ Pr 
Jkg^K- 1 
Jkg^K- 1 
N 
ms 
m 
m 
Pa 
Pa 
- 2 
slm (standard 
liters per 
minute) 
m 
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symbol description dimension 
"•bcritjong 
K&critytranë 
Re 
Τ 
Τ 
Th 
Trtf 
f 
AT 
и 
V 
V 
X 
A 
X 
У 
У 
(Xcrit 
к 
λ 
critical Rayleigh number for the onset of lon­
gitudinal rolls 
critical Rayleigh number for the onset of 
transversal rolls 
Reynolds number = (ρ
τ
^ι^
η
Κ)/μ
τί
/ 
dimensionless temperature difference 
= (Th - Tin)/Tin 
temperature 
temperature at reactor inlet 
temperature of the heated susceptor 
reference temperature = §(7^ + T¿„) 
dimensionless temperature 
= (Γ - Tin)/{Th - Tin) 
temperature difference between heated sus­
ceptor and incoming gas = Th — 7\
n 
horizontal velocity component 
averaged inlet velocity 
dimensionless horizontal velocity = u/u(-n 
vertical velocity component 
dimensionless vertical velocity = v/ui
n 
horizontal coordinate 
dimensionless horizontal coordinate = x/h 
vertical coordinate 
dimensionless vertical coordinate = y/h 
critical value for onset of return flows in Gr-
Re plot 
critical exponent of Re in Gr-Re plot 
thermal conductivity of the gas 
К 
К 
К 
К 
К 
ms - ι 
ms - ι 
ms 
m 
m 
- ι 
W m ^ K - l ï f - l 
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Wm-
kgm~ 
kgm~ 
kgm~ 
kgiu 
1
κ-
1
s -
1 
h-1 
3 
3 
symbol description dimension 
X
r
ef thermal conductivity of the gas at Τ = Т
ге
/ 
λ dimensionless thermal conductivity = \/\Tej 
μ dynamic viscosity of the gas 
ßTej dynamic viscosity of the gas at Τ = T r ^ 
μ dimensionless viscosity = μ)μ
τe
¡ 
ρ density of the gas 
pTe¡ density of the gas at Τ = T r e / 
ρ dimensionless density = p/prcj — 
Pi
n
 dimensionless density at reactor inlet — 
= Pin/Pre J 
Ppart density of the smoke particle k g m - 3 
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Chapter 10 
Measurement of gas-switching related diffu­
sion phenomena in horizontal MOCVD reac­
tors using biacetyl luminescence. 
E.P. Visser, C.A.M. Govers and L.J. Giling. 
Abstract. 
The fading of concentration profiles due to diffusion, occurring after gas 
source switching in MOCVD growth, was simulated by biacetyl lumines­
cence experiments. In particular the influence of thermally induced memory 
cells on the concentration transients was investigated. Biacetyl molecules 
were used instead of macroscopic particles (for instance ТІО2) because not 
only can the flow patterns thus be visualized, but also a more realistic 
simulation of diffusion phenomena is obtained. It is shown that memory 
cells give rise to an increase of the residence times of gases inside the re­
actor. For typical MOCVD conditions, increases of several seconds were 
measured. The influence on interface sharpness of a GaAs/AlGaAs hetero-
junction is discussed. Residence times were recorded as a function of the 
most important hydrodynamic parameters in the MOCVD process, both 
at atmospheric pressure and at low pressure. 
Journal of Crystal Growth, in press 
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1. Introduction. 
Gas flow visualization experiments have been carried out for MOCVD 
reactors of different shapes and for different hydrodynamic conditions [1,2]. 
In most cases the aim of these experiments was to find out the optimal 
reactor design and hydrodynamic conditions, so that no undesirable effects 
like spiral rolls, memory cells or disturbances of laminar flow would occur. 
ТІО2 tracer particles were mostly used since they are easy to create, ther­
mally stable and good light scatterers. There are two fields, however, in 
which the use of ТіОз particles shows its drawback. First of all, if very 
low reactor pressures are used, particle fall-out and lag become significant, 
so that the particle motion no longer can be related unambiguously to the 
gas flows. Secondly, if gas diffusion phenomena have to be studied the use 
of macroscopic particles with diameters of several microns will not yield 
any reliable information at all because of the different diffusion behavior of 
particles and molecules. Both drawbacks may be overcome if luminescent 
gas molecules of approximately the same molecular weight and size as the 
gases in question are used. Photochromic dyes, which have proved success­
ful in liquid flows [3], are not well suited for gas flows due to their low vapor 
pressure. Moreover their often toxic character may be unacceptable. 
Biacetyl (diacetyl, or 2,3-butanedione, CH3 — (CO)2 — CH3) was used 
by Itoh et al. [4] as gas flow tracer in a pressure chamber for pressures 
as low as 65 Pa. These authors were making use of the relatively long 
radiative lifetimes (w 1.5 ms [5]) of biacetyl to visualize the luminescent 
traces of the molecules after pulsed photo-excitation by a Nd-YAG pumped 
dye laser. Flow velocities of 1 — 10 m/s, which are typical of low pressure 
CVD systems, could thus be measured. Until now, ref. [4] is the only report 
of using biacetyl in connection with CVD processes, albeit for an isothermal 
reactor only. 
Biacetyl is very suitable for flow visualization; it is non-toxic, it absorbs 
in the violet and near ultra violet and radiates in the green [6]; therefore it 
can easily be used with commercially available light sources and detectors 
and self-absorption does not occur. The vapor pressure of 0.052 X 105 Pa at 
room temperature makes it suitable for mixing with gas flows. In the special 
case of MOCVD of GaAs when diffusion of the growth species is investi­
gated, it is an advantage that the growth determining component, which is 
trimethyl-gallium (TMG), has a molecular weight and size comparable to 
that of biacetyl. This means that the binary diffusion coefficients of both 
species relative to the carrier gas will be in the same order of magnitude. 
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In the simulation of realistic MOCVD processes, where heated sus-
ceptors are used at temperatures > 600° С, the use of biacetyl for flow 
visualization has some drawbacks. At these temperatures the thermal 
decomposition of biacetyl plays an important role. The decomposition 
rate follows the differential equation: dC/dt = — fcC, with solution: 
C{t) = COe-fc<, where the temperature dependence of к is given by: 
к = 8.7 X 101Бехр(-31800/Г) s - 1 [7]. The values of к and the corre­
sponding decomposition times T¿ec at which the concentration has dropped 
to half the original value, are given as a function of temperature in table 1. 
T( 0 C) 
20 
100 
200 
300 
400 
500 
600 
700 
к (s"1) 
6.3 χ IO"3 2 
8.1 χ IO"2 2 
5.5 x IO"1 4 
6.8 χ IO"9 
2.6 χ IO"6 
1.2 χ IO"2 
1.3 
55 
T-dec ( s ) 
1.1 X IO31 
8.6 X IO20 
1.3 X IO13 
1.0 x 10e 
2.7 χ IO4 
58 
0.53 
1.3 χ IO"2 
Table 1. Rate constants к and decomposition times r¿ec for 
the decomposition of biacetyl as a function of temperature. 
fdec is the time at which the concentration has dropped to 
half its original value. 
It follows that for temperatures higher than 500° С the biacetyl 
molecules will decompose too quickly for reliable experiments. The sec­
ond point deserving attention is the temperature dependence of the total 
luminescence intensity. Although it has been shown that the shape of the 
luminescence spectrum does not change when the temperature is varied 
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between 10 and 100° С [6], no complete data concerning the luminescence 
intensities at the temperatures of our interest is available. From our own 
experiments, however, it followed that luminescence was still detectable at 
250°C, but vanished rapidly for higher temperatures. 
The aim of our work is to study the influence of thermally induced 
memory cells upon residence times of the growth gases inside the reactor. 
In horizontal reactors these memory cells are formed in front of the heated 
susceptor due to the sudden heating of the cold gases, which gives rise to 
the formation of strong return flows acting as memory cells. These cells 
are undesirable if sharp interfaces have to be grown. In order to investigate 
the influence of memory cells upon the sharpness of interfaces, not only 
should the occurrence of return flows as a function of the hydrodynamic 
parameters [8] be studied, but also the diffusion of growth species out of a 
memory cell should be taken into account. 
The previously mentioned difficulties when using biacetyl for flow vi­
sualization, due to the use of non-isothermal reactors, can be circumvented 
in our case. First of all, as was shown in ref. [8], the occurrence of memory 
cells is mainly determined by two dimensionless hydrodynamic numbers: 
the Grashoff number Gr, and the Reynolds number Re. This means that 
similar flow situations are obtained if the temperature is lowered, while at 
the same time the Grashoff and Reynolds numbers are kept at their original 
values. This lowering of temperature can be chosen so that thermal decom­
position and the drop of luminescence intensity of biacetyl is avoided. The 
experiments at lower temperature thus serve as a representative simulation 
of the higher temperature case. It should be noted, however, that the flow 
conditions are not exactly determined by Gr and Re. As was also discussed 
in ref. [8], a small temperature dependence of the "critical number" а
с г
ц 
should be taken into account. For a discussion of the possible origins of 
this temperature dependence we like to refer to ref. [8]. For the moment 
we assume that roughly equal flow conditions are obtained for experiments 
in which the Grasshoff and Reynolds numbers are kept at constant values. 
Secondly, since we are not primarily interested in flow dynamics, but in 
diffusion phenomena, one might argue that the temperature dependence 
of the diffusion coefficients (D ~ T1·8 for binary gas mixtures [9]) should 
be taken into account. However, as was also shown in ref. [8], the largest 
part of the memory cells in question is situated in front of the heated sus­
ceptor, where no strong temperature gradients are present. It is therefore 
reasonable to assume that diffusion phenomena observed for susceptor tem­
peratures of about 250° С are still representative for cases where realistic 
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translation mechanism 
mercury lamp 
spherical lens 
- j - band-pass filter 
cylindrical lens 
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carrier gas blocetyl 
( Η , / ^ / Η β ) 
ι i exhaust 
rotation 
pump 
niter 
Fig. 1. Schematic side view of the experimental set-up for 
the biacetyl experiments. The length of the rectangular part 
of the reactor is 465 mm. Heating and cooling of the reactor 
start at 180 mm and 90 mm from the inlet, respectively. 
The length of the heater is 255 mm. The image amplifier, 
which is not shown here, is located at 90° to the figure. 
growth temperatures (600 - 800oC) are used. Furthermore, our experi­
ments were performed in such a way that the temperature dependence of 
the total luminescence intensity has no relevance on the interpretation of 
the results. This point will be clarified in the next section. 
In this paper, we present the observed transient phenomena caused by 
out-diffusion of gases from persistent memory cells. Typical half-life times 
are measured and compared to predictions from simple diffusion models. 
The relevance of these phenomena to the sharpness of interfaces in MOCVD 
growth of GaAs and AlGaAs is also discussed. 
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2. Experimental. 
The experiments were carried out in a horizontal quartz reactor with 
a rectangular cross section (height: 40 mm; width: 50 mm). The reactor 
was resistance-heated from below and water-cooled on top across its full 
width (fig. 1). Temperatures up to 800°С could be obtained. Biacetyl was 
introduced into the reactor via an evaporator, connected to a bypass in 
order to realize instantaneous turn-off of the biacetyl flow. A high-power, 
200 W mercury lamp, situated on a translation stage above the reactor was 
used as luminescence excitation source. The light beam was broadened by 
a cylindrical lens so that a region with a horizontal cross-section of about 
50 χ 200 mm2 was illuminated. Only the violet part of the mercury spec­
trum coinciding with the biacetyl absorption band at 370 — 460 nm [6] was 
used by choosing the appropriate optical filters. The green/green-yellow 
luminescent light (maxima at 512, 561 and 614 nm [6]), which could be de­
tected by the naked eye, was recorded by an image amplifier (amplification: 
104 — 105). This was either coupled to a video camera when a complete 
image of the luminescence was desired, or to a power meter in case the total 
integrated luminescence intensity from a selected area had to be obtained. 
By connecting the power meter to an χ — t recorder the biacetyl lumines­
cence intensities were measured as a function of time. A short wavelength 
(Λ < 500 nm) cut-off filter was placed in front of the image amplifier in 
order to avoid disturbance by light from the mercury lamp, reaching the 
detector via scattering at the cell walls. It was found that red and infra-red 
radiation from the heater, reflected at the cell walls as well, could disturb 
the desired recordings. For that reason also a long wavelength cut-off filter 
was placed in front of the image amplifier. The part of the reactor cell 
from which the luminescence was recorded was selected by placing masks 
in front of it. Since we were primarily interested in the diffusion behavior of 
memory cells, the region of interest is situated just around the starting of 
the heated susceptor (fig. 1). The luminescence intensities originating from 
the whole area with a length of 112 mm could be measured, or a distinction 
could be made between the regions indicated by I, II, III and IV in fig. 2. 
The typical time-dependence of the luminescence intensity, measured 
when the biacetyl flow is turned on and off, is shown in fig. 3. For t < t
on 
only carrier gas flows through the reactor, and the background intensity 
Іь is measured. At t = t
on
 the biacetyl flow is switched on, after which 
the maximum luminescence intensity I
mBX is recorded. When steady-state 
conditions are reached, the intensity will have dropped to the steady-state 
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IV 
water cooling 
heater 
to reactor Inlet -
(180 mm) 
to exhaust 
(2Θ5 mm) 
Fig. 2. Side view of the reactor showing the regions from 
which the biacetyl luminescence intensities were recorded. 
In the experiments either the whole region of 112 X 40 mm 2 
was selected, or a distinction was made between region I, II, 
HI, or IV. 
value /g. This drop of luminescence intensity is obviously due to the fact 
that for non-vanishing flow velocities the number of biacetyl molecules taken 
from the evaporator does not correspond to the saturated vapor pressure. 
At t = toff the biacetyl flow is turned off, after which the background value 
7b is reached again. 
Since the main interest of this study was the influence of memory cells 
on growth-gas residence times after switching of gas mixture, our exper­
iments consisted of recording the times ii/2 (fig. 3) after which the con­
centration is dropped to half of its steady-state value. This was done for 
hydrodynamic conditions with and without memory cells. Pressure was 
varied between 0.05 and 1.0 X 105 Pa, and total flow rates between 0.40 
and 6.25 SLM (Standard Liters per Minute). The corresponding linear 
flow velocities inside the rectangular part of the reactor varied from 0.35 
to 104 cm/s. In each experiment the half-life times were recorded for a 
fixed region of the reactor, with constant average temperature. This means 
that the temperature dependence of the luminescence intensity does not 
influence the recorded half-life times. 
In order to arrive at reliable conclusions when interpreting the mea­
sured biacetyl luminescence intensities, it is essential to make sure that the 
biacetyl concentration in the total gas flow does not vary during one and 
the same experiment. Since the rate of biacetyl evaporation is an unknown 
function of the gas flow сьіас through the evaporator, the absolute values 
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Fig. 3. Biacetyl luminescence intensity as a function of time 
when the biacetyl flow is turned on and off. Imax is the 
maximum intensity, corresponding to saturated vapor pres-
sure in the evaporator. Is is the steady-state luminescence 
intensity. For no biacetyl flow the background intensity /ь 
is measured. 
of the luminescence intensities obtained in experiments with different to­
tal gas flows cannot be quantitatively compared. Therefore, quantitative 
conclusions will only be drawn from experiments in which parameters like 
pressure, temperature and linear flow velocity were varied using a constant 
total gas flow. In practice, the flow through the evaporator was set at 20% 
of the total gas flow. In the approximation that the biacetyl concentra­
tion more or less equals the saturated vapor pressure at room temperature, 
the biacetyl mole-fraction inside the reactor equals 0.01. For the hydrody-
namic conditions used in our experiments a good signal-to-noise ratio for 
luminescence intensities was obtained in all cases. 
As was mentioned in the introduction, no luminescence can be ob­
tained from regions with temperatures considerably higher than « 250° C. 
Our experiments where performed for heater temperatures of 110oC, 200oC 
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and for the isothermal case at room temperature. In all cases clear lumi­
nescence signals were obtained from the regions indicated in fig. 2. Al­
though the temperatures mentioned above do not correspond to realistic 
growth temperatures, this is not a severe drawback, since the Grashoff and 
Reynolds numbers can be chosen so that similar flow conditions as in the 
high-temperature case are obtained, as explained in the introduction. The 
definition of Gr and Re is taken from ref. [8]: 
Re = /»refUlnV r^ef > ί1) 
Gr = - í^e fA3Ar/M?e fT t e ( , (2) 
where u¡n, h and g are respectively the velocity of the incoming gas at 
room temperature, the height of the reactor and the gravitational constant 
(g < 0). Pref and μ
τί
{ are respectively the density and viscosity at the 
reference temperature T
re
f = 5(Tin + Th), with Tin = temperature of the 
incoming gas, Th = temperature of the heater and ΔΤ = Th - Τ^. For 
fixed reactor height h, these numbers can be expressed as a function of 
the inflow velocity υ;
η
 and pressure Ρ for several heater temperatures Th 
and different types of carrier gas. In table 2 the numbers are given for 
hydrogen, helium and nitrogen at 110, 200, 600 and 750oC. The first table 
gives the conditions at which the biacetyl experiments were performed, 
whereas the second one corresponds to more realistic growth temperatures. 
From the hydrodynamic point of view, no great differences between He and 
H2 exist. Although hydrogen is more commonly used in MOCVD processes, 
we decided to use helium in our experiments because of its inertness in the 
biacetyl decomposition reaction, and the safer working conditions. 
3. Experimental results. 
S.l. Isothermal experiments. 
Preliminary experiments at isothermal conditions were carried out to 
measure the luminescence intensity as a function of the biacetyl concen­
tration. The latter was varied by variation of the total pressure inside the 
reactor at a constant biacetyl input concentration. A linear relationship 
was found in the pressure interval of 0.05 to 1.0 X 106 Pa, for flow rates 
between 0.40 and 6.25 SLM. This is in accordance with the findings in 
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H2 
He 
N 2 
rh=iio
o
c 
R e ( x l 0 5 ) 
2.98 x щ
п
Р 
2.67 χ щ
а
Р 
20.9 χ uinP 
Gr ( χ 10 е) 
0.93 χ Ρ2 
0.75 χ Ρ 2 
45.5 χ Ρ2 
7^=200° С 
Re (xlO6) 
2.41 χ u l n P 
2.16 χ щ
п
Р 
16.9 χ u i
n
P 
Gr ( χ 10 е) 
1.07 χ Ρ 2 
0.86 χ Ρ 2 
52.5 χ Ρ 2 
Η 2 
Не 
Ν 2 
T h = 6 0 0
o C 
Re (χ ΙΟ5) 
1.18 χ u i n P 
1.06 χ « ¡
η
Ρ 
8.30 χ UinP 
Gr (χIO 6 ) 
0.55 χ Ρ 2 
0.44 χ Ρ 2 
27.0 χ Ρ 2 
r h = 7 5 0
o C | 
Re (x lO 5 ) 
0.97 χ UinP 
0.87 χ uinP 
6.76 χ UinP 
Gr ( χ 10 е) 
0.41 χ Ρ 2 
0.32 χ Ρ 2 
20.0 χ Ρ 2 
Table 2. Grashoff and Reynolds numbers (equations 1-2) for 
hydrogen, helium and nitrogen at heater temperatures used 
in the biacetyl experiments (110 and 200° C), and for realistic 
growth experiments (600 and 750° C). The horizontal flow 
velocity at the reactor inlet Ui
n
 is expressed in cm/s and the 
pressure Ρ in Pa. 
ref. [10], which state that the ratio of luminescence intensity to light ab­
sorbed is independent of pressure for the above pressure interval. We may 
therefore conclude that, for our experimental conditions, the measured lu­
minescence intensities are proportional to the biacetyl concentration at the 
regions considered. 
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150 
100-
' ' ' ' ' • I I I 1 I 
isothermal 
xio" 
pressure 
Fig. 4. Half-life times Í1/2 indicating the fading of the orig-
inally sharp concentration profiles after turn-off of the bi-
acetyl flow. The half-life times are plotted as a function of 
pressure for constant total flow rates. The luminescence sig-
nals were taken from the whole region of 112 χ 40 mm3 for 
isothermal conditions without memory cells. 
An initially sharp step in the biacetyl concentration profile, due to the 
abrupt turning off of the biacetyl flow, will fade during the time needed for 
the gas to travel from the valve to the part of the reactor considered. The 
sharpness of concentration profiles was measured by recording the half-life 
times ii /2 (indicated in fig. 3) of the biacetyl luminescence intensity. For 
isothermal conditions, where no memory cells are expected to be present, 
the half-life times were recorded as a function of pressure, for total gas flows 
of 0.4, 1.0, 2.5 and 6.25 SLM. The whole viewing area of 112 X 40 mm2 
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was used. The results are shown in fig. 4. The linear relationship between 
half-life times and pressure can be explained by assuming a simple plug-
flow for the gas transport in supply-line and reactor, on which a diffusion 
profile determined by Pick's laws is superimposed: in general, the (three-
dimensional) diffusion of a species A in a medium moving with velocity ν 
is determined by: 
^ g f ' 0 = ДV2CA(r-,i) - ΰ. VCA(r-,i), (3) 
where CA is the concentration of the species considered, and D its diffusion 
coefficient in the medium. In the one-dimensional approximation, where 
plug-flow is assumed, and only axial diffusion is considered, equation (3) 
can be written as: 
dCA(x,t)
 n
d2CA(x,t) dCA{x,t) 
—dr— = D дх* -u—d7-' ( 4 ) 
where χ is the horizontal dimension and u the horizontal flow velocity. 
In the situation where the biacetyl flow is turned off at χ = 0 and 
t = 0, the boundary conditions for (4) are: 
for t JO: СыасОМ) = 0for all χ < 0; (5α) 
Сыас(*,0 = Co for all χ > 0; (56) 
for t > 0 : Сыас (x, t) = 0 for χ -* -oo; (5c) 
Сылс(х, t) = Co for χ -• oo. (5c) 
The solution of (4) with the above boundary conditions is given by: 
CbUciM) = ^oier f ( ^ = = ) + 1), (6) 
where erf is the error function. The concentration profile as a function of 
χ for a fixed time t is shown in fig. 5. 
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c=c, 
c^c, 
x=ut 
Fig. 5. Biacetyl concentration profile as a function of the 
horizontal position χ in the reactor, for fixed time t. The 
"half-life time point" (|Co,ut) is moving through the reac­
tor with horizontal velocity u. 
The spreading of the originally sharp step due to diffusion can be 
expressed by the decrease of the slope of the concentration profile at χ = ui 
as a function of time: 
&* ·« - - ¡т а г P) 
It follows from the symmetry properties of the error function that the 
location at which С = |Co is moving with velocity u in the positive χ 
direction. This means that, for a fixed measurement position x, the half-
life time ij/2 is given by tj/2 = s/«· Since u ~ 1/P for fixed total flow 
rates, the linear relationship between half-life times and pressure as shown 
in fig. 4 is clear. The offsets of ti/2 at Ρ = 0 are obviously due to the time 
needed for the gas to travel from the biacetyl switching-valve toward the 
pressure drop valve (see fig. 1). 
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Fig. 6. Mutual diffusion coefficient of biacetyl and helium as 
a function of pressure, determined by measuring the lumi­
nescence decay times at isothermal conditions. The calcu­
lations are based on the assumption of plug flow and Pick's 
diffusion laws. 
It is worth noting, however, that this simple relationship is only valid 
for the half-life times ¿1/2 > a nd not for other decay times. Locations cor-
responding to other decay times do not move with velocity u, due to the 
spreading-out of the diffusion profile as a function of time (equation (7)). In 
our experiments we abo recorded the 20- and 80%-decay times, for which 
the above-mentioned deviation from linearity as a function of pressure was 
indeed observed. 
It is interesting to note that by substituting the values of the measured 
decay times (ίο.2) ¿і/2> Ό.β) into equation (6) the diffusion coefficient D 
can be determined. Since the fixed measurement position 2
m e a
a is given 
by Хщеы = "¿і/2> the only parameter needed is the horizontal velocity 
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tt. As a first approximation we assume that υ equals the horizontal plug 
flow velocity inside the reactor. In this way we calculated the diffusion 
coefficient as a function of pressure for the lowest flow rate, 9 = 0.4 SLM. 
The results are shown in fig. 6. It should be kept in mind that these values of 
D are based on the assumption of plug flow, and that the inequality of flow 
velocities in the piping system and reactor has not been treated correctly. 
However, as an indication of the order of magnitude these values should 
be quite satisfactory. Indeed, the value of D = 1.3 cm2/s at atmospheric 
pressure (fig. 6) does not deviate substantially from the theoretical value 
DtheoT = 1-03 cm2/s given in ref. [4]. 
S.2. Non-isothermal experiments. 
Half-life times ti/2 as a function of pressure at constant flow rates 
were also recorded for experiments at Τ = 110° С and Τ = 200° С for the 
whole viewing area of 112 X 40 mm2. The results are presented in figs. 7a-d 
and 8a-c. Since for these non-isothermal conditions the presence of memory 
cells is expected, it should be possible to measure their influence upon the 
half-life times. For those hydrodynamic conditions where memory cells are 
present, an increase of the half-life times should occur. The hydrodynamic 
criterion for the occurrence of memory cells, Gr/Re > a
cr
it [8], was taken to 
calculate the critical pressures Р
сг
ц above which memory cells are present. 
A value of 190 was taken for Ocrit· For each flow situation the critical 
pressure is indicated in the figure by the dashed vertical line. Separate fits 
by linear regression were made for data points below and above Pcr¡t· As 
can be seen in figs. 7a-d an increase of ti/2 relative to the linear pressure-
dependence is not unambiguously found for this low temperature (T = 
110oC) case, although a slight increase might be present for the lowest flow 
rate q = 0.4 SLM (fig. 7a). For Τ = 200oC (figs. 8arc), however, a clear 
increase of the half-life time relative to the linear extrapolation occurs. This 
increase is the most pronounced for low flow rates, which is not surprising 
since for low flow rates memory cells are already present at relatively low 
pressure. 
Since the increase of gas residence times due to memory cells obviously 
occurs only in those regions of the reactor which are situated down-stream 
relative to the memory cell, it is instructive to differentiate between the 
regions I, II, III and IV from fig. 2. For Τ = 200°C and flow rates of 2.50, 
3.60 and 6.25 SLM the results are shown in figs. 9a-c. As can be seen in 
these figures, a clear increase of half-life times relative to linearity occurs. 
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ät=13 s 
pressure (Pa) 
pressure (Pa) 
Fig. 7. Half-life times i1/2 of the biacetyl concentration pro-
files as a function of pressure, for different flow rates q and 
a fixed heater temperature of Τ = 110° С. The luminescence 
signals were taken from the whole region of 112 X 40 mm2. 
The critical pressures P
cr
it above which memory cells de­
velop are indicated by the dashed vertical lines. 
(a) q = 0.40 SLM, Р
сг
ц = 0.15 χ IO6 Pa; 
(b) q = 1.00 SLM, P
clH = 0.24 χ ΙΟ
6
 Pa; 
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fig. 7 (continued) 
(c) q = 2.50 SLM, Peru = 0.36 x 106 Pa; 
(d) q = 6.25 SLM, Perii = 0.59 χ IO6 Pa. 
255 
Chapter 10: Measurement of gas-switching related diffusion. 
I • • 1 . . . . . » 
ât=6.5 s 
Ο 11 • I I M ι 1 1 1 1 I I I I M 11 1 1 1 1 1 1 1 1 1 1 1 1 I I I M 11 1 1 1 1 1 1 1 1 1 1 1 - . 
0.0 0.2 0.4 0.6 0.Β 1.0 ЖІО* 
pressure (Pa) 
* • • * • • * • * • 
Ο 11 1 1 1 1 1 1 1 1 1 1 1 1 ι l ' i 1 1 1 1 1 1 Μ ι η 1 1 1 Ι Ι Ι Ι Μ 1 1 1 1 Μ Μ 1 1 1 1 1 1 
0.0 0.2 0.4 0.6 0.8 4.0 жЮ' 
Ä=3.7 s 
pressure (Pa) 
Fig. 8. Half-life times ti/2 of the biacetyl concentration pro-
files as a function of pressure, for different flow rates q and 
a fixed heater temperature of Τ = 200oC. The luminescence 
signals were taken from the whole region of 112 χ 40 mm2. 
The critical pressures Pcr¡t above which memory cells de-
velop are indicated by the dashed vertical lines. 
(a) q = 1.00 SLM, Р
с г
ц = 0.20 χ IO6 Pa; 
(b) q = 2.50 SLM, Pent = 0.31 χ 10б Pa; 
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fig. 8 (continued) 
(c) q = 6.25 SLM, Р
С Г
|, = 0.49 X IO5 Pa. 
Furthermore, for all flow rates this increase is most strongly present at 
the most downstream located region IV, which is in accordance with our 
expectation. Values of the increase in Í1/2 range from 1 to 4.6 s. 
It follows from the above experiments that increases of gas residence 
times due to the presence of memory cells occur. These times are in the 
order of several seconds, the exact values depending on the flow parameters 
used. 
4. Discussion of results. 
It is clearly demonstrated by our experiments that gas residence times 
in the MOCVD reactor increase due to a thermal memory effect. For each 
series of measurements where pressure and flow velocities were varied, while 
temperature and total flow rate were kept constant, a critical pressure Pent 
for the occurrence of memory cells was calculated. The criterion used in 
this calculation is Gr/Re = а
с г
ц, with а
с г
и equal to 190. For Τ = 110oC 
(figs. Tard) no clear memory effect was detected, whereas for Τ = 200°С 
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Fig. 9. Half-life times ti/2 of the biacetyl concentration pro­
files as a function of pressure, for different flow rates q and 
non-isothermal conditions. The luminescence signals were 
taken from region I, II, III and IV. The critical pressures 
Р
СІ
ц above which memory cells develop are indicated by the 
dashed vertical lines. 
(a) Г = 200oC, q = 2.50 SLM, Pcr¡t = 0.31 x 10б Pa; 
(b) Τ = 200oC, q = 3.60 SLM, P
c r U = 0.38 χ 10
6
 Pa; 
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fig. 9 (continued) 
(c) Τ = 200oC> q = 6.25 SLM, P c r l t = 0.49 X IO6 Pa. 
(figs. 8a-c) the increase of residence time for Ρ > Р
сг
ц is beyond doubt. 
Especially when a differentiation between regions I, II, III and IV is made 
(figs. 9a-c) the memory effect becomes evident. It is still unclear why the 
memory effect was not unambiguously detected for the low temperature 
(110oC) case. A possible explanation might be given by the temperature 
dependence of a
c r
it. Since it follows from the ТіОз experiments in ref. [8] 
that aCT¡t increases for lower temperatures, the value of 190 used to calcu-
late Per» might be too low. 
Although it was not the aim of our work to put forward theoretical 
models to explain the measured half-life times, one might speculate whether 
a simple, straightforward model yielding half-life times of the right order 
of magnitude can be set up. Such a model has been presented in ref. [11], 
where the memory cell was considered to be a rectangular box with base 
surface S and height H (fig. 10). The corresponding diffusion problem 
can be solved analytically assuming that this rectangular box is a stagnant 
volume from which the biacetyl molecules are diffusing through the bottom 
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gas flow 
surface 
heater 
Fig. 10. Simplified model used to calculate the decay time 
r
m c
 for diffusion of growth species out of a memory cell. 
Initially, the concentration is Co, both in memory cell and 
in the main gas flow. At t = 0 the concentration in the main 
gas flow is assumed to drop instantaneously to 0, after which 
diffusion through the bottom surface S starts. Furthermore, 
it is assumed that the molecules are taken away so quickly 
that Cy=o = 0 for all times t > 0. 
surface into the gas flow, which takes them away instantaneously. The 
general diffusion equation (3), with υ = 0 for this case, gives: 
дСьысі .і) _ „Э 2 С
Ь 1 а с (у,0 
di - υ äp ' [8) 
with boundary conditions: 
Сыас (y, 0) = Co for 0 < y < Η; (9α) 
Сы
Л
с{0,і) = 0 ιοί t > 0; (96) 
[ * W ( y , f l ] = о for Í > 0. (9c) 
д
У =н 
Condition (9c) says that no biacetyl flows through the upper wall of the 
box. The analytical solution is given by: 
4Co ^ 1 .
 r
( 2 n + l W
 r
 (Ση + Ι ) 2 ^
 / i n . 
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where r
m c
 = AH2/τ^Ό describee the time-dependence of the emptying of 
the memory cell for each term in the power series. 
Since the total mole-flux of biacetyl molecules through the bottom sur­
face is given by 80[дСыас{ ,і)Іду\у
=
о> the ratio of this flux and the flow 
rate q of the main gas stream, which is equal to the biacetyl concentration 
for regions downstream relative to the memory cell, equals: 
For not too small i, (11) may be approximated by: 
CbUceowíO « 2 g J l C o e x p [ — — ] . (12) 
qti rmc 
Using this simple model, it follows that the biacetyl concentration in the 
main gas flow due to out-diffusion from the memory cell is determined by 
the flow rate 9, the dimensions of the cell (Я and 5), and the diffusion 
coefficient D. For the decay time r
m c
 it is seen that only the diffusion coef­
ficient D and the height of the memory cell Η are the relevant parameters. 
If we take Η = 2 cm, which is the typical height of the memory cell found 
in ТІО2 experiments, and D = 1.3 cm2/s, the value of the diffusion coeffi­
cient at atmospheric pressure determined in section 3, the decay time r
m c 
is calculated to be r
m c
 = 1.25 s. In comparing the values of the increase 
in half-life times f 1/2 of figs. Эа-с with this value of r
mc
, it should be noted 
that, although they have the same order of magnitude, their definition is 
not exactly the same. Whereas the measured times tj/2 are a result of the 
combination of axial diffusion in the main gas flow and diffusion out of the 
memory cell, the theoretical time r
m c
 is defined in relation to the emptying 
of a stagnant volume where an abrupt drop of the biacetyl concentration 
in the main flow is assumed, and no interaction with this flow occurs. 
The fact that the flow rate q does not enter the expression for r
m c 
is inherent to the stagnant volume model for the memory cell. In a more 
realistic model the gas motion inside the memory cell should be taken into 
account. It is indeed seen in ТІО2 experiments that memory cells consist 
of circulatmg gas flows. Furthermore, the interaction of the "bottom" of 
the memory cell with the main gas flow should also involve the exact gas 
motion, both in memory cell and in the main gas flow. 
The only way to arrive at exact solutions will be the solving of the (cou­
pled) differential equations for diffusion and gas flow by numerical methods, 
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which is beyond the scope of our study. However, from the experimental 
point of view, we have shown that by introducing luminescent biacetyl 
molecules into the gas flow, a practical method for direct measurement of 
diffusion phenomena is obtained. These diffusion phenomena may be of 
different origin: transient times in valves and supply-lines, axial diffusion 
inside the reactor, or diffusion out of stagnant volumes, as was the case in 
our study. 
In order to arrive at an estimate for the influence of memory cells on 
interface sharpness of heterojunctions, we take as an example the situation 
of fig. 9a. The flow rate is 2.5 SLM, which is a typical value used in our 
laboratory for growth of GaAs/AlGaAs heterostructures. Growth rates 
of ta 1 nm/s are obtained with this flow rate. Let us assume that an 
Alo.3Gao.7As/GaAs-junction is grown by switching-off the TMA source. If 
the memory cell is supposed to occupy a volume of 10 x 5 x 2 cm3 (typical 
volume found in ТІО2 experiments), the total amount of growth species 
contained in this volume would be able to yield a TMA after-supply out 
of which fa 2.5 nm Alo.3Gao.7As can be grown. This of course is not what 
happens; a transition from І Д І = 0.3 to χ χι = 0 will take place gradually. 
If we take as the typical residence time Δί = 4.6 s (fig. 9a), the calculated 
junction depth at which XAI has dropped to half its original value will 
be equal to X1/2 = 4.6 nm, which corresponds to 16 monolayers in the 
[100] growth direction. This will reduce to 1 nm for a flow of 6.25 SLM, 
demonstrating that high gas flows are needed in order to obtain sharp 
heterojunctions whenever memory cells are present. 
5. Summary and conclusions. 
The luminescence of biacetyl molecules was used to measure the con­
centration transient times after switching off the biacetyl source. Through 
these experiments the influence of gas-switching related diffusion phenom­
ena on the sharpness of heterostructure interfaces was simulated. Measure­
ments were performed at isothermal conditions and for heater temperatures 
of 110 and 200°С. At hydrodynamic conditions for which memory cells are 
present, increases of transient times of several seconds due to out-diffusion 
from the memory cell were measured, the exact values depending on the 
flow conditions. These values were confronted with a simplified theoretical 
diffusion model, which yielded half-life times of the same order of magni­
tude. 
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It was demonstrated that the measurement of biacetyl luminescence 
intensity is a useful tool for measurements of the concentration of growth 
species in simulation studies in an MOCVD reactor. Compared to flow vi­
sualization with macroscopic particles this method has the advantage that 
diffusion phenomena are treated in a more realistic way. Special care must 
be taken, however, concerning the thermal decomposition of the biacetyl 
molecules and the decrease of luminescence intensity at higher temperar 
tures. It was found that clear luminescence signals were detectable for 
temperatures up to 250° С. This means that all flow- and diffusion phe­
nomena of valves, supply-lines and reactor regions at which Τ < 250oC can 
be measured properly. If higher temperature cases have to be studied, the 
above-mentioned problems must be circumvented by scaling the hydrody-
namic parameters in such a way that lower temperature is obtained, while 
at the same time the dimensionless hydrodynamic numbers characterizing 
the problem in question are kept at the same value. 
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Samenvatting. 
In de laatste vier decennia is de wetenschappelijke en technologische 
belangstelling voor halfgeleiders zeer sterk toegenomen. Op het gebied van 
theoretische modelvorming, technische toepassingen en kristalgroeitechnie-
ken is grote vooruitgang geboekt. De drijvende kracht achter deze ontwik-
keling is ongetwijfeld de toepasbaarheid van halfgeleiders in electronische 
en opto-electronische devices, zoals bijvoorbeeld diodes, transistoren, vaste-
stoflasers, optische detectoren, geheugen- en processorchips en golfgeleiders. 
In de jaren vijftig en zestig waren nagenoeg alle halfgeleidertoepas-
singen gebaseerd op germanium of silicium. De enige manier waarop de 
eigenschappen van deze materialen gevarieerd konden worden bestond in 
de toevoeging van doteringselementen die de electrische geleiding beïnvloe-
den. Geleiding door electronen (η-type) of door gaten (p-type) kon bereikt 
worden door de juiste keuze van de doteringselementen. Silicium en ger­
manium lenen zich goed voor de realisering van diverse electronische scha­
kelingen. Voor een aantal opto-electronische toepassingen, echter, zijn deze 
materialen minder geschikt. Dit is te wijten aan de indirecte band-gap van 
beide materialen, waardoor slechts een zwakke wisselwerking tussen electro­
nen en fotonen bestaat. Bovendien ligt de band-gap van beide materialen 
vast (0.67 en 1.12 eV bij kamertemperatuur voor respectievelijk Ge en Si). 
De fysische eigenschappen die direct samenhangen met de grootte van de 
band-gap, zoals bijvoorbeeld de energie-drempel voor fotonabsorptie, kun­
nen daardoor niet gevarieerd worden. 
Met de komst van de III/V- en II/V verbindingen, samengesteld uit 
elementen behorend tot de derde en vijfde, respectievelijk de tweede en zes­
de kolom van het periodiek systeem, is het aantal mogelijke toepassingen 
zeer sterk toegenomen. Allereerst blijkt een aantal van deze materialen, 
waaronder GaAs, een directe band-gap te bezitten. Het direct zijn van 
de band-gap, waardoor de electron-overgangen tussen valentie- en gelei­
dingsband zonder wisselwerking met fononen kunnen verlopen, is essentieel 
voor de werking van bijvoorbeeld een vast-stoflaser. Verdere toepassingen 
ontstaan door het gebruik van ternaire en quaternaire verbindingen, zoals 
bijvoorbeeld Al
x
Gai_
x
As en InxGayAsj-xPj-y. De laatstgenoemde ver­
binding dient onder andere als uitgangsmateriaal voor geïntegreerde elec-
tro-optische chips gekoppeld aan glasvezelcommunicatiesystemen. Bij deze 
materialen kan zowel de band-gap ("band-gap engineering") als de rooster-
parameter veranderd worden door variatie van χ en y. Hierdoor kunnen 
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heterostructuren van verschillende materialen gerealiseerd worden zonder 
dat er mechanische spanningen of defecten ontstaan aan de grensvlakken. 
De ontwikkeling van nieuwe materialen en nieuwe device-structuren 
zou niet mogelijk zijn geweest zonder het gebruik van geavanceerde kristal-
groeitechnieken zoals Moleculaire Bundel Epitaxie (Molecular Beam Epi­
taxy, МВБ) en Metaal-Organische Chemische Gasfase Depositie (Metal 
Organic Chemical Vapor Deposition, MOCVD). Beide processen zijn uit­
gegroeid tot standaardtechnieken voor het doen groeien van epitaxiale lagen 
van extreem hoge zuiverheid. Bovendien is het mogelijk gebleken om hete­
rostructuren met atoom-scherpe grensvlakken te realiseren door zeer snelle 
omschakeling tussen verschillende uitgangsmaterialen. 
Een (nog steeds) minder gebruikelijk materiaal voor toepassing in de­
vices is diamant. Dit materiaal met een zeer grote band-gap kan bij hoge 
werktemperaturen (Τ > 500 0C) gebruikt worden vanwege de thermische 
stabiliteit en de extreem goede warmtegeleiding (ongeveer vijf maal groter 
dan die van koper). Halfgeleidende, p-type diamanten kunnen gefabriceerd 
worden door dotering met borium, dat een acceptomiveau op 0.37 eV bo­
ven de valentieband vormt. Een effectief doteringselement voor het doen 
groeien van synthetische α-type diamant is nog steeds niet gevonden. Expe­
rimenten met arseen en fosfor als donor-elementen hebben weliswaar n-type 
diamant opgeleverd, maar de electrische geleidbaarheid bleek nog zeer laag 
te zijn. 
Het raamwerk van dit proefschrift. 
De inhoud van dit proefschrift kan op drie verschillende manieren in­
gedeeld worden. Allereerst kan er een onderscheid gemaakt worden tussen 
de verschillende materialen die onderzocht zijn: GaAs, Al
x
Gai-
x
As en dia­
mant. Deze materialen zijn alle halfgeleiders. GaAs heeft een directe band-
gap van 1.42 eV bij kamertemperatuur. De band-gap van Al
x
Gai-
x
As va­
rieert tussen 1.42 en 2.17 eV en is direct voor 0 < χ < 0.45 en indirect 
voor 0.45 < χ < 1. Diamant heeft een indirecte band-gap van 5.5 eV. De 
hoofdstukken 2, 3 en 6 gaan over GaAs; de hoofdstukken 7 en 8 behan­
delen de Al
x
Gai_
x
As-resultaten; de experimenten met diamant worden 
gepresenteerd in hoofdstuk 4. 
Ten tweede kunnen de experimenten ingedeeld worden al naar gelang 
de gebruikte karakterisatietechniek. De algemene techniek voor de bepaling 
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van de fysische materiaaleigenschappen in dit proefschrift is fotolumines­
centie (FL) bij lage temperatuur (4.2 К). In een aantal gevallen zijn additio­
nele foto-etsexperimenten uitgevoerd, waarvan de resultaten vergeleken zijn 
met die van de FL-experimenten. De experimenten, beschreven in dit proef­
schrift, kunnen gegroepeerd worden volgens de ruimtelijke resolutie van de 
FL-metingen. De "standaard" ruimtelijke resolutie van fa 15 μτη werd ver­
kregen door een laserstraal te focusseren buiten een optische cryostaat. Dit 
is de typische ruimtelijke resolutie die gebruikt werd in de hoofdstukken 
2, 3 en 4. Om hogere resoluties te verkrijgen is een technische constructie 
gerealiseerd waarbij de focusserende lens binnen in een vloeibaar-He cryo­
staat is gemonteerd, hetgeen leidde tot een "hoge" ruimtelijke resolutie van 
1 μτη. Een beschrijving van deze cryostaat-insert wordt gegeven in hoofd­
stuk 5. De experimentele resultaten verkregen met deze nieuwe techniek 
staan vermeld in hoofdstuk 6. De FL-studies aan Al
x
Gai_
x
As-epUagen zijn 
uitgevoerd met een niet-gefocusseerde laserstraal. De reden hiervoor is dat 
epitaxiale lagen, in tegenstelling tot buik-materiaal, in het algemeen weinig 
inhomogeniteiten bevatten waardoor plaatsafhankelijke metingen minder 
zinvol zijn. De resultaten worden beschreven in de hoofdstukken 7 en 8. 
Een derde classificatie kan gemaakt worden op basis van de verschillen­
de kristalgroeiprocessen. De bulk GaAs kristallen, onderzocht in de hoofd­
stukken 2,3 en 6 zijn gegroeid volgens het Vloeistof-Ingekapseld Czochralski 
(Liquid Encapsulated Czochralski, LEG) proces. De meeste diamanten die 
beschreven staan in hoofdstuk 4 zijn natuurlijke diamanten, ontstaan op 
een diepte van meer dan 175 km onder het aardoppervlak bij extreem ho­
ge druk. De epitaxiale AlxGai_
x
As lagen, beschreven in de hoofdstukken 
7 en 8, zijn gegroeid volgens het MOCVD proces. Die studies naar gas-
stroming- en gasdiffusieverschijnselen in relatie tot dit kristalgroeiproces 
worden beschreven in de hoofdstukken 9 en 10. 
De inhoud van dit proefschrift. 
Deel I bevat de hoofdstukken 2 tot en met 6 en behelst de studie naar 
materialen die verkregen zijn door middel van bulk-kristalgroeiprocessen. 
De GaAs kristallen zijn gegroeid vanuit de smelt met behulp van de LEC-
techniek. De onderzochte diamantkristallen zijn voor het grootste deel 
natuurlijke diamanten. Een klein deel van het onderzoek is verricht aan 
synthetische diamanten. 
In hoofdstuk 2 worden de resultaten beschreven van studies naar 
defecten in ongedoteerd LEC-GaAs in relatie tot het kristalgroeiproces. 
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De onderzochte defecten zijn dislocaties (structurele defecten) en puntde-
fecten, zoals onzuiverheidsatomen, anti-sites en vakatures. Het ontstaan 
van dislocaties en hun wisselwerking met puntdefecten tijdens en kort na 
het stollingsproces is een complex verschijnsel dat tot op heden slechts ge-
deeltelijk begrepen wordt. Met de huidige technologie is het nog steeds 
niet mogelijk om dislocatievrije GaAs kristallen te doen groeien. Hoewel 
de dislocatiedichtheid verlaagd kan worden door een geschikte keuze van 
de groeiomstandigheden, ligt de minimale etsputdichtheid in de orde van 
enkele honderden per vierkante centimeter. 
Door ruimtelijk opgeloste fotoluminescentie en defect-selectief foto-et-
sen (de DSL techniek) is het mogelijk om een direct verband te leggen 
tussen de groeicondities en de inhomogeniteit in de "near band-gap" FL-
intensiteit en de foto-etssnelheden. Kristallen die gegroeid waren onder 
hoge temperatuurgradiënten en een overeenkomstige lage constitutionele 
onderkoeling, bleken grote aantallen spanningsgeïnduceerde glijdislocaties 
en een zwak gemarkeerde celstructuur te bezitten. Het contrast in etssnel-
heid en FL-intensiteit tussen celwanden en kristalmatrix was gering voor 
dit type kristallen. Kristallen, gegroeid onder een lage temperatuurgra-
diënt daarentegen, hadden een veel lagere dislocatiedichtheid (in het bij-
zonder waren spanningsgeïnduceerde glijdislocaties afwezig) vergezeld van 
een veel grotere inhomogeniteit in de verdeling van puntdefecten, hetgeen 
naar voren kwam via het sterke contrast in FL-intensiteit en etssnelheden. 
Deze resultaten zijn verklaard in termen van de groeicondities: Een gro-
te constitutionele onderkoeling geeft aanleiding tot sterke fluctuaties in de 
onzuiverheidsconcentraties aan het groeifront, waardoor de duidelijke cel-
structuur ontstaat. Glijdislocaties daarentegen, worden in dit geval niet 
gemakkelijk gecreëerd omdat de thermische spanningen laag zijn. 
In hoofdstuk 3 wordt de aard en de oorsprong van onzuiverheidsat-
mosferen rondom dislocaties nader bestudeerd. Uit analyse van locale exci-
tonspectra is gebleken dat dislocatiecelwanden een relatief p-type karakter 
hebben ten opzichte van de ongestoorde kristalmatrix. Ruimtelijk opgeloste 
fotoluminescentie-experimenten aan nagestookte kristallen hebben aange-
toond dat een toename van de totale "near band-gap" FL-intensiteit en een 
versterking van het bovengenoemde p-type karakter van het gebied rondom 
dislocaties optreedt ten gevolge van de thermische behandeling. Bovendien 
werd een nieuwe, defect-geïnduceerde gebonden exciton-emissie voor LEC 
GaAs waargenomen. Alle verschijnselen konden verklaard worden door de 
rol van de stoichiometric (As-rijke of As-arme condities) tijdens de afkoel-
periode na kristallisatie en tijdens de nastookprocessen in beschouwing te 
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nemen. Precipitaten van As-atomen kunnen gevormd worden of weer op-
lossen, afhankelijk van de afwijking van stoichiometrie en van de gebruikte 
thermische cycli. Hiermee samenhangend kunnen aan overmaat As gerela-
teerde defect-complexen, die optreden als "killers" voor de "near band-gap" 
fotoluminescentie en die het lokale n- of p-type bepalen, gecreëerd of juist 
vernietigd worden. 
In hoofdstuk 4 worden ruimtelijk opgeloste fotoluminescentie-expe-
rimenten aan diamant beschreven. De verdeling van verscheidene lumi-
nescerende defectcentra werd gerelateerd aan de groeigeschiedenis van de 
kristallen. Aangetoond is dat de blauw-luminescerende vibronische N3 cen-
tra in relatief zuivere type Ia natuurlijke diamanten samenvallen met de 
waargenomen groeibandpatronen. Op dezelfde manier is gevonden dat in 
plastisch gedeformeerde diamanten de H3 luminescentiepatronen overeen-
komen met glijlijnen. In synthetische diamant kon de verdeling van de rode 
en nabij-infrarode luminescentie van stikstof-vakature paren waargenomen 
worden. Uit de intensiteitfluctuaties van dit type luminescentie kon de 
niet-uniforme inbouw van stikstof tijdens de kristalgroei afgeleid worden. 
Door middel van fotoluminescentiespectroscopie werd het bestaan ontdekt 
van een aantal vibronische systemen die nog niet eerder in de literatuur 
beschreven zijn. 
Hoofdstuk 5 geeft een technische beschrijving van de constructie vein 
een vloeibaar-He cryostaatinsert waarbij een translatiemechanisme en een 
focusserend lenzenobjectief zich binnen in de cryostaat bevinden. Zowel 
het translatiemechanisme als het lenzensysteem opereren bij vloeibaar-He 
temperatuur en kunnen van buiten de cryostaat bestuurd worden. Deze 
speciale constructie is gerealiseerd om een diffractie-bepaalde ruimtelijke 
resolutie van 1 μιη te bereiken. Deze resolutie is gelijk aan 1.22Λ/Ν.Α., 
met Λ de golflengte van de exciterende laserbundel en N.A. de numerieke 
apertuur van het objectiefsysteem. In dit hoofdstuk wordt een beschrijving 
gegeven van het translatiemechanisme, dat gebaseerd is op een dubbele set 
van blad veren voor de beide translatierichtingen. Verder worden de testre­
sultaten van fotoluminescentie aan GaAs bij 4.2 К gepresenteerd. Met be­
hulp van zelfontworpen software voor de data-acquisitie en de besturing van 
de stappenmotoren via een PC, is een gebruikersvriendelijke luminescen­
tieopstelling gereahseerd voor 2-dimensionale "mappings" en "line-scans" 
met een ruimtelijke resolutie van 1 μιη bij 4.2 K. 
In hoofdstuk β worden de eerste "hoge" ruimtelijke-resolutie foto­
luminescentie experimenten beschreven die uitgevoerd zijn met de nieuwe 
translatie-insert. Het onderzochte materiaal is Si-gedoteerd LEC GaAs, 
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dat veelvuldig gebruikt wordt als η-type substraatmateriaal. In tegenstel­
ling met de hoofdstukken 2 en 3, waar alleen "grown-in" dislocaties en hun 
onzuiverheidsatmosferen onderzocht werden, wordt de aandacht nu gericht 
op het onderscheid tussen geïsoleerde grown-in dislocaties (G-dislocatie) 
en grown-in dislocaties die zich tijdens de afkoelperiode door thermische 
spanningen verplaatst hebben met achterlating van een "glijspoor" (GS-
dislocatie). Zowel de inhomogene inbouw van de Si doteringsatomen als de 
ruimtelijke fluctuaties van de stralingsleeftijden is onderzocht. Het is geble-
ken dat beide types dislocaties aanleiding geven tot een vermindering van de 
totale luminescentie-efficiëntie ten opzichte van de kristalmatrix. Bovendien 
volgde uit de analyse van lokale FL-spectra dat verhoogde concentraties van 
Sica donoratomen optreden bij geïsoleerde grown-in dislocaties en bij de 
beginpunten van GS-dislocaties. Voor eindpunten en glijsporen daarente-
gen, werd zo'n verhoging niet gevonden. Deze resultaten hebben aanleiding 
gegeven tot het opstellen van een model waarin rekenschap wordt gegeven 
van de herdistributie van Si atomen en van niet-stralende, aan overmaat As 
gerelateerde FL "killer" centra. Door het verschil in temperatuurafhanke-
lijkheid van de diffusiecoëfficiënt van interstitiëel As en Si in GaAs, en het 
feit dat Asea anti-sites gecreëerd worden tijdens de klim- en glijprocessen 
van dislocaties, konden de waargenomen resultaten verklaard worden. 
Deel Π van dit proefschrift, dat bestaat uit de hoofdstukken 7 tot 
en met 10, beschrijft de experimenten uitgevoerd aan epitaxiale lagen die 
gegroeid zijn volgens het MOCVD proces. Door deze experimenten werden 
de optische en electrische eigenschappen van de gegroeide lagen gecorreleerd 
aan de parameters van het kristalgroeiproces. Eén van de factoren die dit 
proces beïnvloeden is het massatransport in de MOCVD reactor. In deze 
studie werd speciale aandacht gegeven aan de gasstroomdynamica in de 
reactor, zowel experimenteel als via numerieke berekeningen, en aan de 
simulatie van gasdiffusieprocessen. 
Fotoluminescentiestudies aan diepe niveaus in Si-gedoteerd, n-type 
AlxGai-xAs worden behandeld in hoofdstuk 7. In vergelijking met p-
type AlxGai_xAs zijn de eigenschappen van η-type AlxGai_xAs veelvul­
dig bestudeerd, zowel theoretisch ab experimenteel. Vanuit theoretisch 
gezichtspunt komt deze speciale aandacht voort uit de complexe struc­
tuur van de geleidingsband: afhankelijk van de Al-concentratie χ wordt 
het geleidingsbandminimum gerepresenteerd door het Γβ, het Le of het X$ 
minimum. Dit compliceert het gedrag van donoratomen omdat deze ge-
localiseerde toestanden kunnen vormen door superpositie van golffuncties 
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afkomstig uit elk van de drie geleidingsbandminima. Vanuit experimen­
teel oogpunt is veel aandacht geschonken aan het gedrag van DX centra, 
die aanwezig zijn in η-type Al
x
Gai-
x
As. Deze centra, waarvan de exacte 
structuur nog onbekend is, geven aanleiding tot de vermindering van de 
ladingsdragersconcentratie voor χ > 0.2. 
In de studie van hoofdstuk 7 worden stralende overgangen van diepe 
niveaus (d.w.z. recombinaties met hv < 1.5 eV) bestudeerd als functie van 
de belangrijkste kristalgroeiparameters: de SÌH4 invoer-molfractie, de ver-
houding van de trimethylaluminium (TMA) en de trimethylgallium (TMG) 
concentraties en de V/UI verhouding. Deze studie heeft geleid tot de identi-
ficatie van het SiQa — Vca complex en de bepaling van zijn ionisatie-energie 
als functie van de Al-concentratie x. Voor hoge SÌH4 concentraties werd 
een nieuwe FL-emissie waargenomen die mogelijkerwijs afkomstig is van een 
Sic» — SIAS complex. Verder is de invloed van de kristalgroeiparameters 
op het karakter van de 0.8 eV emissieband bestudeerd. In tegenstelling tot 
vroegere onderzoekers, die deze emissie steeds toegeschreven hebben aan 
het DX centrum, hebben wij een anti-correlatie van de FL-intensiteit en de 
Si concentratie waargenomen, waardoor de associatie met het DX centrum 
zeer onwaarschijnlijk wordt. De piekenergie en de halfwaardebreedte bleken 
onafhankelijk te zijn van de Al-fractie, de V/III verhouding en de Si concen-
tratie. Dit heeft tot de conclusie geleid dat de emissie niet samenhangt met 
conventionele donor- of acceptortoestanden gekoppeld aan de geleidings-
band en de valentieband, maar daarentegen toegeschreven dient te worden 
aan een interne overgang binnen een complex defect zonder wisselwerking 
met de beide banden. 
Hoofdstuk 8 behandelt de invloed van de substraat-oriëntatie op de 
fotoluminescentie en electrische eigenschappen van MOCVD-gegroeid re-
type AlxGai_xAs. De gebruikelijke afname van de vrije ladingsdragers-
concentratie voor χ > 0.2, die in het algemeen toegeschreven wordt aan 
de invloed van DX centra, bleek niet op te treden voor epitaxiale lagen 
die gegroeid zijn op (110) georiënteerde substraten. Deze hogere ladings-
dragersconcentraties gingen vergezeld van lagere Hall-mobiliteiten. Verder 
bleken de (110) kristallen twee FL-pieken te bezitten die bij de (100) en 
(111) oriëntaties ofwel zeer zwak aanwezig waren, ofwel in het geheel niet 
voorkwamen. Deze emissies zijn toegeschreven aan het У\
я
 — AsQa complex 
en het VAB — SÌAS of VAS — SÍQ* complex. De afwijkende electrische eigen-
schappen zijn verklaard door de aanwezigheid van deze complexen en een 
hoge concentratie van VA». Deze hoge VAS concentraties zijn toegeschreven 
aan het verschil in oriëntatie van "stappen" en "kinks" aan het groeifront 
van het (110) vlak in vergelijking met de andere kristalrichtingen. 
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Hoofdstuk 9 beschrijft een studie naar het optreden van recircule-
rende gasstromen in MOCVD reactoren. Deze terugstromingen zijn van 
groot belang voor de grensvlakeigenschappen van heterostructuren, omdat 
zij een "geheugeneffect" introduceren bij het wisselen van de gassamenstel-
ling. Door het systematisch variëren van de typische groeiparameters in het 
MOCVD proces, te weten druk, temperatuur, stroomsnelheid en het soort 
drager gas, zijn de condities bepaald waarvoor recirculatie optreedt. Op het 
experimentele vlak is dit gedaan met behulp van stromingsvisualisatie-ex-
perimenten met ТІО2 deeltjes. Van theoretische zijde zijn deze condities 
bepaald door eerst de Navier-Stokes vergelijkingen in dimensieloze vorm 
te brengen en de kritische hydrodynamische kentallen af te leiden. Hier­
uit bleek dat het al dan niet optreden van recirculaties gekenmerkt wordt 
door het Grashoff- en Reynoldsgetal en een dimensieloze temperatuurgrar 
dient. Vervolgens zijn numerieke berekeningen uitgevoerd waarin dezelfde 
bovengenoemde groeiparameters gevarieerd zijn. De resultaten van zowel 
de visualisatie-experimenten als de numerieke berekeningen konden samen­
gevat worden in één hydrodynamisch criterium waardoor het optreden van 
terugstroming bepaald wordt. 
Macroscopische ТІО2 deeltjes zijn weliswaar zeer geschikt voor de be­
studering van stromingspatronen bij isotherme condities; voor de simulatie 
van moleculaire diffusieverschijnselen zijn zij echter onbruikbaar vanwege 
het grote verschil in diffusiegedrag tussen een macroscopisch deeltje en een 
gasmolecuul. Om deze reden zijn additionele hydrodynamische experimen­
ten uitgevoerd met behulp van luminescerende biacetylmoleculen. De re­
sultaten hiervan worden gepresenteerd in hoofdstuk 10. De concentratie 
van in de gasstroming gebrachte moleculen werd bepaald door het meten 
van de intensiteit van de luminescentie, die geëxciteerd werd met behulp 
van een hoge-druk kwiklamp. De gevolgen van het schakelen tussen ver-
schillende gasbronnen in een realistische groeicyclus werd gesimuleerd door 
de afval in luminescentie-intensiteit te meten na uitschakeling van de bi-
acetylstroom. Speciale aandacht is besteed aan de invloed van persistente 
recirculatiecellen op de verblijftijden van de groeigassen in de reactor. Voor 
typische MOCVD condities werd ten gevolge van de aanwezigheid van ge-
heugencellen een toename in verblijftijd van enkele seconden gemeten. Deze 
toename correspondeert met de aangroei van enkele tientallen monolagen 
GaAs of AlxGai_xAs. 
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Terugkijkend op dejaren die ik heb "doorgebracht" op de afdeling Vas-
te Stoffysica III realiseer ik me dat een groot aantal mensen op directe of 
indirecte wijze, op wetenschappelijk, technisch of sociaal gebied, heeft bij-
gedragen aan de totstandkoming van dit proefschrift. Allereerst denk ik aan 
de drie hoofdvakstudenten met wie ik samengewerkt heb: Corné Govers, 
Rob Geertman en Ruud Wieleman. Zonder jullie inzet en enthousiasme 
zou dit proefschrift een groot aantal pagina's dunner zijn. 
Vervolgens denk ik aan Harry Lochs en zijn "lumi-boys" Herrn Titu-
laer, Frank Spijkers, Tom Huygen en Rogier Visser, met wie volop gediscus-
sieerd kon worden over de theoretische interpretaties van onze fotolumines-
centie-experimenten, en met wie allerlei handigheidjes gedeeld werden om 
toch maar zoveel mogelijk excitonen uit zwakke signaal-ruisverhoudingen 
te voorschijn te toveren. Ook Stef Olsthoom, met zijn uitgebreid "optisch 
inzicht", wil ik bedanken voor de hulp bij de eerste metingen met de plaats-
afhankelijke fotoluminescentie-opstelling. Aan Xiao Tang en Peter van Lin 
dank ik de gegroeide AlGaAs samples en de discussies die de noodzakelijke 
wisselwerking vormen tussen karakterisator en groeier. Met Chris Kleijn 
van de Technische Universiteit Delft heb ik zeer prettig samengewerkt op 
het gebied van de gasstroomdynamica. Zijn numerieke berekeningen bleken 
wondermooi overeen te stemmen met de experimentele resultaten in onze 
MOCVD reactor. Willem van Enckevort heeft mij wegwijs gemaakt in de 
wereld van de diamant, die ondanks vele overeenkomsten toch anders is 
dan die van galliumarsenide. 
Ton Groenen, Ton Diels en Ton Toonen (what's in a name?) wil 
ik bedanken voor de prettige samenwerking bij de realisatie van de 
hoge-resolutie, plaatsafhankelijke fotoluminescentieopstelling. Mede door 
het enthousiasme van Paul van der Wel, die "mijn" meetopstelling overge-
nomen heeft, kon ik op de valreep nog een gezamenlijk onderzoek met de 
nieuwe apparatuur afsluiten. Op Harry van der Linden kon ik terugvallen 
zowel wanneer een diffusiepomp niet aan het benodigde vacuüm kwam, als-
ook wanneer ik niet wist hoe ik een ellips moest produceren met AutoCAd. 
De levendige gesprekken tijdens de koffiepauzes van het natuurkundepracti-
cum, waar ik als assistent mijn onderwijstaak uitvoerde, waren een welkome 
afwisseling voor het soms jachtige leven op Vaste Stof III; Jan Hendriks, 
Hans Faazen, Theo van Oostrum en alle mede-assistenten: bedankt. Tos 
Berendschot en Henk Reinen wil ik bedanken voor het afstaan van een deel 
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van hun territorium boven het magnetenlab, en de prettige wijze waarop 
allerlei kleine, praktische problemen opgelost konden worden. 
Op Mart de Croon heb ik nooit tevergeefs een beroep gedaan bij wis-
kundige kwesties. Nog voordat het probleem precies omschreven was, stond 
het bord al vol met differentiaalvergelijkingen en was de oplossing al bij-
na gevonden. Jan Weyher heeft mij niet alleen deelgenoot gemaakt van 
zijn uitgebreide kennis op het gebied van defecten in galliumarsenide; ook 
de gesprekken over het communisme in Polen, de rol van de katholieke 
kerk, etc. die wij voerden tijdens wandelingen in de Franse alpen na onze 
metingen aan de universiteit van Grenoble waren bijzonder aangenaam en 
verrijkend. Je veux remercier M. Le Si Dang pour la coopération agré-
able, les discussions scientifiques productives et l'hospitalité que j'ai tant 
appréciée lors de mon séjour au Laboratoire de Spectrométrie Physique à 
Grenoble. 
De inspiratie van Roeland van Meerten op het gebied van zijn wijnen 
was aan mij helaas niet zo goed besteed; die wat betreft de muziek en het 
schaatsen des te meer. Gewapend met stukken touw, een slee en kleine 
schroevendraaiers konden wij ook in de kwakkelwinters van 87/88 en 89/90 
onze experimenten afwisselen met pure ijspret. 
Als laatste wil ik John Giling bedanken wiens ontembare stroom van 
creatieve en frisse ideeën, waarover we het ook wel eens hartgrondig on-
eens konden zijn, onontbeerlijk geweest is voor de totstandkoming van dit 
proefschrift. 
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Levensloop. 
Ik ben geboren op 10 oktober 1957 te Almelo. In deze plaats door-
liep ik van 1970 tot 1976 het ongedeeld VWO aan het Pius X College. In 
september 1976 begon ik met de studie Wiskunde aan de Katholieke Uni-
versiteit van Nijmegen. In de tweede helft van het eerste studiejaar ben ik 
overgestapt naar de studie Natuurkunde, eveneens aan de KU te Nijmegen. 
Het kandidaatsexamen Natuurkunde met bijvakken Wiskunde en Sterren-
kunde heb ik afgelegd in juni 1980. De doctoraalopleiding Theoretische 
Natuurkunde bestond uit het hoofdvak Statistische Fysica en het bijvak 
Meteorologie. Mijn afstudeerwerk onder begeleiding van dr. ir. A. Wey-
land behelsde een theoretisch onderzoek naar de superfluïde fase-overgang 
in helium-4 op basis van het Bogoliubov-model. Dit werk vond plaats aan 
de afdeling Statistische Fysica, die onder leiding staat van prof. dr. G. Ver-
togen, van de KU te Nijmegen. Het bijvak Meteorologie, bestaande uit 
de vakken Dynamische Meteorologie, Numerieke Modellen en een bijbeho-
rend klein onderzoek, werd verzorgd door prof. dr. C. Schuurmans aan de 
Rijksuniversiteit te Utrecht. Het doctoraalexamen Theoretische Natuur-
kunde heb ik afgelegd in maart 1985. De le-graads onderwijsbevoegdheid 
voor natuurkunde behaalde ik via het volgen van de colleges onderwijs-
kunde-vakdidaktiek, verzorgd door dr. J.M. Beltman, en een stage aan de 
Nijmeegse Scholengemeenschap onder leiding van drs. C.A.J. Morsing. Tij-
dens mijn natuurkundestudie ben ik ab student-assistent werkzaam geweest 
bij werkcolleges wiskunde voor natuurkundestudenten en bij het voorkandi-
daats practicum natuurkunde. Van november 1984 tot maart 1985 werkte 
ik als leraar natuurkunde aan de Scholengemeenschap Nijmegen-Oost. Mijn 
eerste elfstedentocht reed ik op 21 februari 1985 en de tweede op 26 februari 
1986. Van mei 1985 tot september 1989 ben ik als wetenschappelijk me-
dewerker in dienst geweest van de Stichting voor Fundamenteel Onderzoek 
der Materie, en was ik verbonden aan de afdeling Vaste Stoffysica III van de 
KU te Nijmegen onder leiding van prof. dr. L.J. Giling. Het aldaar verrich-
te onderzoek in de genoemde periode is het onderwerp van dit proefschrift. 
In het kader van mijn onderwijstaak assisteerde ik bij natuurkundepractica 
en bij het vak "Natuurkunde en Samenleving". Vanaf 1 februari 1990 ben 
ik in dienst van de firma Drukker International B.V. te Cuijk en verricht 
onderzoek naar de fysische eigenschappen van dunne, met behulp van CVD 
gegroeide diamantlagen. 
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STELLINGEN 
behorende bij het proefschrift: 
Photoluminescence and Defect Studies of GaAs, AlGaAs and Diamond 
1. De impliciete beperking tot oplossingen met kleine golfgetallen die 
Albin, Winfree en Crews maken bij de berekening van de thermische 
diffusiecoëfficiënt in dunne diamantlagen is principieel onjuist. 
S. Albin, W.P. Winfree and B.S. Crews, Proc. Γ* Int. Symp. on 
Diamond and Diamond-like Films, Eds. J.P. Dismukes et al. (The 
Electrochemical Society, Pennington, 1989) p. 630. 
2. Het gebruik van de smalbandigheid en/of de sterkte van excitonpie-
ken als maat voor de materiaalkwaliteit van III/V halfgeleiders is 
zinloos wanneer de vermogensdichtheid van de exciterende lichtbron 
niet vermeld wordt. 
3. De door verslaggevers van schaatstoernooien op kunstijs vaak geda­
ne bewering dat ijs met een laagje water erop niet goed zou "glij­
den" geeft aan dat de betreffende journalisten zelf niet regelma­
tig schaatsen en bovendien geen duidelijke voorstelling hebben van 
vaste stof-vloeistof grensvlakken. 
4. Het is begrijpelijk dat een werkgever bij sollicitatieprocedures een 
curriculum vitae verlangt; dat het echter bij sommige universiteiten 
verplicht is een curriculum vitae toe te voegen aan een proefschrift 
is een inbreuk op het recht op bescherming van persoonsgegevens. 
5. De voorgestelde uitbreiding van de veiligheidsdienst voor het ko­
ninklijk huis met vijftig personen ten behoeve van de nachtbewaking 
voor de vijf studerende prinsen geeft aan dat (i) de twee-fasenstruc-
tuur in koninklijke kringen blijkbaar nog niet remmend werkt op 
het uitgaansleven en (ii) dat het voor de Nederlandse samenleving 
tijd wordt zich af te vragen welke prijs zij wenst te betalen voor de 
instandhouding van de monarchie. 
de Volkskrant, £7-04-1990, Ц-09-1989. 
6. Het gebruik van het begrip "Fermi-niveau" is niet zinvol wanneer 
dit slechts als indicator voor de ladingsdragersconcentratie of het 
geleidingstype gehanteerd wordt. 
7. Gezien het meestal slechte ijs op de Dokkumer Бе en de Zuidhoek-
stervaart is het de overweging waard om de Elfstedentocht in omge­
keerde richting te rijden. 
afgelasting Tocht 1987, vele centimeters water op het ijs 1985. 
8. Voetbalclubs, die miljoenen guldens uitgeven voor de aankoop van 
spelers, dienen zélf de financiële middelen op te brengen voor de 
noodzakelijke extra politie-inzet en het herstel van de door hun sup-
porters aangebrachte vernielingen. 
9. De bewering van de Nederlandse bisschop Bär dat men niet alleen 
op statistische gegevens moet afgaan bij de bepaling van het aantal 
gelovigen in ons land, maar in rekening moet brengen dat mensen 
in veranderende levenssituaties tot de kerk zullen terugkeren, zegt 
weinig over de aantrekkingskracht van de kerken en veel over de 
zwakte van de menselijke natuur. 
de Humanist, februari 1988, reactie op rapport "Ontkerkelijking en 
Verzuiling", onderzoekscommissie Bommeljé en Doorn. 
10. Met behulp van Configuratie-Coördinaat Diagrammen kan elk wil-
lekeurig fotoluminescentiespectrum "verklaard" worden. 
referenties 8,9 en 11, hoofdstuk 7, dit proefschrift. 
11. In navolging van de indeling in gewichtsklassen bij sporten als judo, 
boksen en karate, zou er bij basketball, volleyball en korfbal met 
lengteklassen gewerkt moeten worden. 
12. Беп bezoek aan "Het Instrument" maakt duidelijk dat naast de 
vaakgenoemde eigenschappen als intelligentie, doorzettingsvermogen 
en creativiteit een goedgevulde portemonnee onontbeerlijk is voor 
geavanceerd experimenteel natuurwetenschappelijk onderzoek. 
Het Instrument, vakbeurs voor technische en wetenschappelijke ap­
paratuur, £S t/m 27 april 1990, Utrecht. 
13. Het werken bij een diamantfirma kan de verjaardagsgesprekken met 
vriendinnen, schoonmoeders en tantes verlevendigen. 
Eric Visser, 27 juni 1990 


